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Abstract

Current solar cells have disadvantages that include weather dependency and high manufacturing
costs. Dye-sensitized solar cells (DSSCs) have emerged as possible solutions for these drawbacks.
Since it is predicted that the global warming effect will result in the sun emitting less energy.
DSSCs have the added advantage of working in low-light conditions, and the ability to harness
light energy from other devices. Although DSSCs have low production costs, their low efficiency
due to the platinum (Pt) electrocatalyst limits their commercial implementation. DSSCs are made
up of many components including dye, and counter electrode (CE). Modifications can be made on
these components to improve efficiency and make the DSSC more eco-friendly. For instance, CE
research has focused on finding substitute electrocatalysts. In this study copper sulfide (Cu,S) and
hollow carbon spheres (HCSs) have been considered as viable substitutes for Pt since they exhibit
good electrocatalytic properties. Carbon materials have corrosion resistance towards iodine,
and CuS has superior oxidation resistance. Therefore, they can be used for electrolyte redox
reactions at the CE in a DSSC. The properties of HCSs can be enhanced by making the carbon
shell porous, increasing the number of carbon shells, or by doping the carbon shell with
heteroatoms such as nitrogen (N). These modifications can improve the conductivity, surface area,
adsorption, and electronic properties. For this research porous nitrogen doped single-shelled and

double-shelled HCSs were synthesized.

To prepare the HCSs, a carbon shell was coated on the surface of the mesoporous silica spheres
using the chemical vapour deposition method (CVD) with acetylene or toluene as carbon precursors
at 900 °C for 1 h. Thereafter, the silica template was etched using 10 % HF at room temperature
for 24 h. It was found that toluene produced HCSs with a higher surface area. Unexpectedly, the
double-shelled HCSs were found to exhibit low surface areas than the single-shelled HCSs.
Nitrogen doping improved the properties of both the single and double-shelled HCSs. The nitrogen-
doped, single-shelled mesoporous hollow carbon spheres (N-HCS) showed better properties for
electrocatalysis than the double-shelled HCSs. The Cu;S nanoparticles were prepared using
colloidal synthesis at 230 °C for 1 h with oleylamine (OLA) as the surfactant and 1-dodecanethiol
(1-DDT) as the sulfur source. Different copper precursors were used which gave Cu,S with varying
compositions. Both precursors produced particles with a hexagonal morphology, however, copper
(IT) acetylacetonate (Cu(acac)) produced smaller particles (30 nm) compared to large particles
(479 nm) from copper chloride (CuCl). A time study on the different copper sources showed a
variance in nucleation and particle growth. The CuxS-HCS composites were prepared using OLA
as the surfactant, with different percentages of Cu,S and HCSs. The different composition mixtures

were heated to 100 °C and then washed to remove the unreacted elements.
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The synthesized materials were analyzed using various techniques. TEM showed the spherical
morphology of HCSs, the hexagonal morphology of Cu.S, and the successful formation of the
composites. The surface area and porosity of the materials were measured using the BET technique.
Graphitization of carbon and the phase composition of Cu,S was analyzed using PXRD. The
successful incorporation of N within the structure of the N-HCSs was confirmed using XPS. The
electrocatalytic activities of the composites were investigated using CV,EIS, Tafel polarization, I-
V and compared to Pt under similar conditions. The 75 wt% N-HCS: 25 wt% Cu,S composite had
higher current density, lower peak-to-peak separation, and high electrochemical double layer
capacitive current, good adhesion to the FTO glass and great photovoltaic performance compared
to Pt. This suggests that it was the better performing composite and has the potential to substitute

Pt- CE in DSSCs.


https://pubchem.ncbi.nlm.nih.gov/compound/Copper_II_-acetylacetonate
https://pubchem.ncbi.nlm.nih.gov/compound/Copper_II_-acetylacetonate
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Dissertation synopsis

The aim of this research was to synthesize varied composites of copper sulfide and hollow
carbon spheres that are porous and nitrogen doped. Evaluate their photovoltaic properties using
cyclic voltammetry, electrochemical impedance spectroscopy, Tafel polarization and current-
voltage analysis. Determine their potential use as counter electrodes in dye-sensitized solar
cells as replacements for the expensive Pt counter electrode. A summary of the dissertation is

given below:

Chapter 1: comprises of a brief background on the importance of dye-sensitized solar cells,

and includes the problem statement, rationale, aims and objectives of the study.

Chapter 2: is the literature review of carbon, hollow carbon materials, metal sulfides, their
properties and synthesis routes. It also includes a short assessment of DSSCs, counter
electrodes and the use of hollow carbon spheres and metal sulfides as counter electrodes.
Reviews on the electrochemical analysis techniques used to evaluate photovoltaic

performances.
Chapter 3: focuses on the chemical vapour deposition synthesis of porous, nitrogen-doped
single and double-shelled hollow carbon spheres and their post-synthesis nitrogen doping.

Their characterisation through the variation of reaction parameters.

Chapter 4: focuses on the colloidal synthesis of copper sulfides. Reports on the effect of the

copper precursor and reaction time on the morphology and properties of the synthesized Cu.S.

Chapter 5: reports on the synthesis of the composite materials and evaluation of their

electrocatalytic properties.

Chapter 6: gives a general summary on the research work, investigations of the synthesized

materials, and conclusions. The chapter also gives recommendations for further studies.

xviil



Chapter 1

General background

1.1 Introduction

Electricity is an integral part of our day-to-day lives in the modern world of the 21% century.
Industrial growth and the insatiable appetite for modern technology, smart living, and the
increase in human population continue to rise exponentially. The development of the world
over the years has shifted more to digitization even in the most rural of areas [1], this has
resulted in unquenchable energy consumption as the energy demand increases at an
unmanageable rate. Although the global COVID-19 pandemic resulted in a decline in energy
consumption (Figure 1.1) due to industrial shutdown and a decrease in service delivery during
lockdown, there was an increase in the renewable energy sector [1]—[3]. The Texas blackout
that occurred at the beginning of this year during the city’s winter months. Death of patients
on oxygen machines in South Africa due to electrical outages [4], are both incidents that have
reinforced the need for reliable energy. Renewable energy supplies that are environmentally

friendly have become a priority for both under-developed and first world countries.
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Figure 1.1: Graph showing the decline of electricity demand after lockdown was

implemented for different countries (weather corrected) [3].



The dangers of this country’s major reliance on the burning of biomass and fossil fuels has
resulted in a negative environmental impact. Greenhouse gases are emitted during the energy
deriving processes and this has been followed by irreparable damage to this planet’s natural
bionetwork. Over the years, the energy sector has constantly invented or reinvent sustainable
energy sources that are also renewable, in a bid to preserve the natural resources that are
currently being used and introduce clean living. Solar cells also known as photovoltaic devices
(PV) continue to be the most advantageous and greenest form of renewable energy as they
convert readily available sunlight into electricity. The semiconducting materials that are used
in solar cell technology facilitate this. Under the umbrella of the first-generation solar cells,
silicon materials were found to have high efficiency and high production costs [5],[6]. This
catapulted more research into finding materials that have high efficiency and lower production
costs [7]. Second-generation solar cells reduced production costs by using thin-film
technology. Non-silicon materials such as cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) were some of the materials that were found to have good efficiencies
[5]. However silicon still rivalled all of the materials due to its high absorption rate [5], [8],

[9], which is an important factor as it determines the efficiency of the solar cell [10].

Although the goal of production cost reduction was accomplished, the materials discovered did
not have high conversion efficiencies that surpassed the silicon material of the first generation.
Third-generation solar cells aim to enhance the electrical performances of second-generation
thin-film technology and to further reduce production costs. This is done by using
nanotechnology and recently discovered compounds such as nanocrystalline films, multilayer
inorganics, active quantum dots, and polymers [11], [12]. Dye-sensitized solar cells (DSSCs)
have emerged as a promising 3" generation solar cell due to their low cost, ability to work in
low-light conditions, and harness energy from other lights [13]. This makes them possible to

use in countries that have overcast weather.

1.2 Problem statement

According to the 2020 annual report by the department of energy for South Africa, Africa’s
energy demand is twice that of the global rate [14]. In South Africa, the burning of biomass
and fossil fuels represents over 90 % of the electrical energy generated. Given that the country
has a major dependency on fossil fuels and is still unable to sufficiently provide the country

with a reliable energy supply, alternative energy sources are needed.



With the energy demand increasing and more people shifting to the use of solar cells for cleaner
living, the prices of the current solar cells continue to increase [15]. To combat these
challenges, alternative renewable energy devices can be employed. Extensive research has
gone into finding readily available materials and cheaper alternatives to depleting noble
materials such as platinum (Pt) which is being used as a counter electrode (CE) material in dye
sensitized solar cells (DSSC) [16]. Although this third-generation technology has shown
promise, there is still a need for improvement on the efficiencies, commercialization, and
energy capture within the solar spectrum for the materials used. A viable alternative to the low

efficiencies and high cost of Pt-CE is needed.

1.3 Rationale

According to the Department of Energy’s annual performance plan (2020/21) and its strategic
plan (2020-2025) [14], [17], energy is a fundamental part of our growing economy, and to meet
this country’s demand, it is imperative for South Africa to grow its energy supply. This gives
scientists the critical task of assisting the energy sector with materials or devices that can
support the economic expansions and address the unreliability of our electricity supply.
Therefore, the materials suggested in our research and the devices in which they will be used
can support the nation’s energy goals. The versatility of DSSC to be used in low-light countries
and use energy from other light devices, makes it an expandible market that was valued at 90.5
million in 2019 and is set to have a 12.4 % increase by 2027 [18]. Social, economic, health,
and academic sectors can be impacted by this research. As more knowledge and understanding
of the materials synthesized and their potential applications will be explored. The energy

demand crisis will be combated, aiding in social and economic improvement.

As the goal of this research is to synthesize environmentally friendly materials, there would be
a reduction in pollution resulting in better environmental and human health [19]. The proposed
materials are the use of doped hollow carbon spheres and copper sulfide (CuS) composite
material as a substitute for platinum-based counter electrodes in dye sensitized solar cells. The
combination of their electrocatalytic properties can rival those of Pt-CE and both materials are

non-toxic and considered cheaper alternatives to Pt.



1.4 Aims and objectives

This research aims to prepare both single-shelled and double-shelled hollow carbon spheres
that are nitrogen-doped and possess mesoporous qualities. The horizontal chemical vapour
deposition (CVD) technique will be used to obtain the carbon structures. Different parameters
such as carbon and nitrogen sources will be altered to investigate their effect and obtain the
carbon with promising catalytic properties. Synthesis of copper sulfide will be done using the
colloidal synthesis route and the copper precursors will be altered to investigate their effect on
the shapes and sizes of the particles with respect to reaction time. Lastly different weight
percentages of the carbon and copper sulfide materials as composites will be prepared. The
electrochemical properties of the composites will be investigated using cyclic voltammetry for

application as CEs in dye-sensitized solar cells.

To achieve these aims the following objectives were implemented:

= Synthesis of mesoporous single-shelled and double-shelled hollow carbon spheres
using the CVD method with different carbon precursors (acetylene or toluene) and
mesoporous silica as the sacrificial template.

= Investigation of the effect of different carbon precursors.

= Nitrogen doping of the synthesized mesoporous single-shelled and double-shelled
hollow carbon spheres using different nitrogen sources (acetonitrile and ammonia).

= Investigation of the effect of different nitrogen sources.

= Colloidal synthesis of copper sulfide particles and investigate the effect of different
COpper precursors.

= Preparation of the different compositions of the carbon and copper sulfide composites.

= Investigation of the electrochemical properties of the composites and their potential use

as alternative counter electrode material in dye-sensitized solar cells.
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Chapter 2

Literature review

2.1 Carbon

The diversity of carbon uses, structures, and sources makes it a unique element that has been
described as the basis of all forms of life [1]. The unique capability of a carbon (C) element to
connect with itself through sp® (C-C) and sp? (C=C) hybridization [2] to produce carbon forms
that have a variety of possibilities makes it an interesting research material. The introduction
of buckminsterfullerene in the 80s opened an area of carbon science research that has continued
to grow exponentially over decades. Due to more configurations being discovered from multi-
walled carbon nanotubes [3] to carbon nano-onions [4]. Depending on the arrangement of the
carbon framework, the formed materials can be classified into three categories which are
graphitic, diamond, and amorphous carbon [5]. Amorphous carbon is made up of localized of
m-electrons and short-range orders with different inter-atomic bonding and/distance [6].
Diamond-like carbon is an amorphous material that is hard and largely made up of sp® carbon
bonded to some hydrogen atoms [7]. Graphitic carbon is soft with Van der Waals forces present
in-between the layers and strong covalent bonds in the carbon plane [5]. The dimensionalities
of carbon also vary with 0D, 1D, 2D, and 3D [1], [8]-[10] (Figure 2.1) this expands the range
of carbon materials that can be synthesized as they would need to be classified by both their

dimensions and carbon atom arrangement.

0D 1D 3D
Sz
ﬁ:‘-.
Fullerene Carbon Nanotube Graphene Graphite

Figure 2.1: Various molecular forms showing dimension categories for carbon

nanostructures [9].



Depending on the carbon-to-carbon bonding, Mhlanga ef al. stated that carbon materials have
exceptional qualities. They are thermally conductive [11], lightweight, non-toxic, the strongest
synthesized materials when in their tubular form [12]. The surface can be chemically altered
to enhance its functionality [13], and they can act as conductors, semiconductors, or insulators.
To prepare these materials, different techniques can be employed subject to the classification,

application, and structure quality desired.

2.1.1 Synthesis of carbon materials

Some of the synthesis methods include arc discharge [14], this technique was discovered by
lijima in 1991 [15] and was used to produce carbon nanotubes. An arc is generated using
constant current at both the anode and cathode electrodes, which can be arranged vertically or
horizontally. The anode electrode contains the carbon precursor; the current of the arc produces
a plasma at very high temperatures causing the precursor to convert into a vapour that drifts
towards the cathode where it cools. The carbon nanotubes are collected at the cathode and
purified. Another high-quality carbon synthesis technique is laser ablation [3], [16], the
reaction takes place in a quartz tube where a pulsed laser is concentrated on the heated carbon
target. The resulting vapours are carried to a cooled collector by an inert gas such as argon and

the condensed carbon is collected and purified.

For the simple one-step synthesis of carbon microspheres, hydrothermal synthesis can be used
[17]. Different types of biopolymers, mono-, di-, and polysaccharides, biomass, and cellulosic
carbohydrates [18] can be used as carbon sources, depending on the properties desired for the
microspheres. At mild temperatures and pressure, the reaction occurs in a sealed autoclave, and
carbonization of the carbon sources occurs through dehydration or polymerization [19]. The
temperature, pressure, and reagents are used to determine the graphitization of the synthesized
carbon [20]. The exfoliation method has been employed to extract graphene from natural
graphite. Through this technique, large quantities of graphene can be produced from the bulk
graphite using chemical or mechanical exfoliation. Solvents such as acids [21] are used as
chemical exfoliants and mechanical forces through stirring or shaking [22] are employed for
physical separation of the layered materials. Both procedures are used to weaken the van der

Waals interactions between the graphite layers resulting in graphene sheets [23].



In comparison to the synthesis techniques described above, the chemical vapour deposition
(CVD) route can be used to fabricate a variety of carbon materials such as graphene [24],
carbon nanotubes [25], carbon nano-anions [26], and different morphologies of carbon spheres
[27]-[29]. To generate a substantial amount of solid phase carbon materials with high

performance and high quality [30], the CVD method is used.

2.1.2 Chemical vapour deposition (CVD)

The introduction of CVD can be traced back to de Lodyguine [31] in the 1890s who deposited
tungsten on carbon lamp filaments, however, the work of de Boer and van Arkel [32] modified
the CVD method by using high temperatures for the process. CVD can be described as the
decomposition of volatile precursor/s at high temperatures resulting in a film of solid material
forming on the substrate. The precursors are delivered as gases to the reaction chamber and as
they pass through the reactor, they encounter the heated substrate. A reaction occurs and a layer
of carbon is deposited, an inert gas such as argon (Ar) or nitrogen (N>) is used as diluent gas
during the reaction [33]-[35]. Different parameters such as reaction time, substrate choice,
precursor, diluent gases, reaction temperatures, and the rate of flow for the gases are all
important parameters during a CVD reaction as they determine the type of carbon material

synthesized and its growth.

The carbon layer deposited on the substrate surface is formed through nucleation and growth.
When the reaction occurs between the substrate and precursor gases stable nuclei consisting of
some carbon atoms form on preferred sites of the substrate surface [36]. As the reaction
proceeds, there is diffusion and adsorption of carbon atoms on the substrate surface. Growth
occurs through the addition of C atoms from the precursor gas, and from surface diffusion
across the uncovered portions of the substrate [36]-[38]. Therefore, the substrate used is
important as the deposit to substrate adherence can determine the surface area or shape of
carbon material. Saeed ef al. found that there is continuous growth as the reaction time
increases, only up to a certain ideal time, thereafter the carbon layers begin to disintegrate [39].
Chowdhury et al. found that an increase in the precursor gas flow rate increased the carbon
deposition [40]. In the experimental work done by Tewari, it was deduced that different diluent

gases affect the growth of the carbon material with Ar being the better diluent gas [41].



Temperature affects the deposition and coating morphologies of a material. CVD reactions
require high temperatures for a reaction to occur, however, temperatures should not exceed
1000 °C as this results in thermal degradation of the synthesized carbon [42], [43]. Although
the horizontal orientation of CVD is widely used for the synthesis of carbon, the vertical
orientation is possible. This orientation is mainly used for the synthesis of solid carbon spheres
[44]. For spheres with a small diameter of less than 10 nm the vertical CVD (Figure 2.2) is
employed. These are also known as carbon dots (CDots) and are produced due to the short
reaction time of the carbon precursors in the reactor [45], [46]. To achieve spheres with even
smaller diameters the reaction chamber can be shortened to reduce the carbon precursors
dwelling time in the chamber [47]. For carbon spheres with a larger diameter, horizontal CVD

(Figure 2.3) is used due to a longer reactivity time.

quartz tube
gas inlet
Furnace
Temperature (900 °C)
controller
gas outlet

N/
Sample collection

chamber Bubbler

Figure 2.2: Schematic diagram showing the arrangement of a vertical CVD reactor [44].
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Figure 2.3: Schematic diagram showing the arrangement of a horizontal CVD reactor [44].

2.1.3 Hollow carbon nanomaterials (HCN)

The CVD method can also be used to synthesis hollow carbon structures which have gained
traction in recent years due to their morphologies. The novelty of possessing an inner cavity
that could be used to encapsulated other elements and an outer shell that can exhibit porous
properties has made these structures an interesting area of research. Gangatharan et al. built
helical carbon fibers inside hollow carbon spheres, using copper (Cu) as a catalyst [48] and
Zhang et al. were able to confine Iron (Fe) -Nickel (Ni) nanoparticles inside a hollow nanobox
[49]. Different studies have shown that carbon structures with a hollow center exhibit
outstanding qualities for energy conversion and storage, catalysis, electric conductivity, and
biomedical uses due to their interior voids and tunable shells [50]-[52]. Hollow carbon
structures can be synthesized through the template-free method or with the use of templates to
obtain the desired outer shape. The template-free method also known as the self-templating
method is used when the precursor or raw materials with the desired structure are the carbon
sources and can be converted into hollow carbon structures. The templating method uses
particles with the intended shape, a reaction occurs where the carbon coats the shaped particles
which are then removed through a chemical or physical procedure [53]. Different possible
morphologies can be synthesized from these methods such as nanoboxes [54], nanofibers [52],

bow-like structures [55], and hollow spheres [56] as shown in (Figure 2.4).
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Figure 2.4: Diagram showing different hollow carbon structures [53].

The template-free method can produce materials with morphologies resembling the intended
shape however it is difficult to finely tune the hollow morphology. The template method uses
the preformed template particles and produces structures that resemble the shapes of the
sacrificial templates. This is the most used method of synthesis as it gives control over the end
product. Among these hollow carbon structures, hollow carbon spheres (HCSs) have shown
promise as electrode material in the electrochemical industry. The shells of hollow carbon
spheres can be altered to produce desired characteristics. These alterations, such as doping and
creating a porous carbon shell can improve the catalytic abilities of hollow carbon spheres.
Enhancing the capabilities of HCSs by doping their carbon layer with heteroatoms such as
nitrogen (N) and boron (B) effectively alters their conductivity, reactivity, adsorption, and
chemical properties [28], [57]-[60]. These characteristics have made doped HCSs an ideal
electrode material to use in areas such as fuel cells, gas sensors, supercapacitors, and solar cells
[61]-[63]. Sanetuntikul et al. synthesized nitrogen-doped hollow carbon spheres for their
efficiency and durability as electrocatalysts. They found that the nitrogen-doped hollow carbon
spheres exhibited better electrochemical stability compared to platinum/carbon catalysts [64].

The porous surfaces of the shells and the cavity can be effectively used for electrocatalytic
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activity [65], [66]. In the work done by Ariyanto ef al. they found that porous hollow carbon
spheres showed promise as a catalyst for electrochemical applications [67]. Their shape allows
for use of different spherical template materials and the synthesis of hollow spheres with

multiple layers [56] (Figure 2.5).

Figure 2.5: Diagram showing different morphologies of hollow carbon spheres and their

possible uses [56].

2.1.3.1 Single-shelled and double-shelled hollow carbon spheres

Hollow carbon spheres (HCSs) have distinctive morphology, low density, large surface area,
and high conductivity [44], [59]. This has resulted in the synthesis of single-shelled HCSs for
various electrochemical applications [68]. The added advantage of parameter manipulation
during synthesis can result in higher surface areas. This would influence the conductivity of
the carbon layers and increase the number of active sites as found by Xu et al. through the
synthesis of double-shelled HCSs [69]. Double-shelled hollow carbon spheres have the same
qualities as single-shelled hollow carbon spheres with the added advantages of larger surface
area to volume ratios, multi-porosity that gives easy access to the electrolyte in photovoltaic

devices, highly conductive, a larger number of active sites, and a large core void [70]-[72].

13



The review and work done by the group Qi ef al. found that the use of multi-layered structures

as electrode materials, provided additional activity sites and improved catalytic capacity [73].

2.2 Metal sulfides

Metal oxides such as titanium dioxide (TiO2) have long been an area of research for
electrocatalytic reactions due to the presence of oxygen (O) allowing redox reactions to occur
[74]. However, another group of nanoparticles has shown electro and photochemical properties
that rival metal oxide properties. Composites of metal oxides with metal sulfides have resulted
in the enhancement of metal oxide properties [75], [76]. Mittal ef al. found that although TiO»
has exceptional qualities such as long-term stability, it has a high bandgap that does not utilize
most of the solar energy. On the other hand, binary metal sulfides, ZnS and CdS have the
desired bandgaps but are unstable and easily oxidized. From their study, a co-catalyst of these
materials (ZnS/CdS-Ti0O>) showed an improved efficiency [77] compared to TiO; alone. Metal
sulfides have narrow bandgaps that allow them to harness more of the sun's radiation. This can
be attributed to the high electron affinity and low ionization potential of sulfur compared to

oxygen [78], [79].

The inorganic anion (S*) can react with a majority of transitional metals in the first row to
produce different types of binary (CdS, BizS3), ternary (ZnIn2S4, CusSnSs), and quaternary
(Cu2ZnSnS4) metal sulfides [80]. In a study carried out by Nguyen et al., they found that ternary
sulfide ZnxCdixS showed high photostability and the addition of MoS> as a co-catalyst
enhanced the catalytic performance of the material [81]. Given that the addition of metal
sulfides to metal oxides enhances their electrochemical properties and co-catalysts of different
metal sulfide combinations result in materials with superior qualities makes metal sulfides an
interesting area of research. Their addition to other organic or inorganic materials can enhance
their properties. Binary sulfides have simple chemical structures, low-cost production, easy
synthesis methods, and favourable qualities. Which include large redox reaction sites and high
conductivity making them suitable candidates for electrode materials in energy devices [82].
Ternary and quaternary sulfides also exhibit exceptional electrocatalytic activities and
conductivity. However, compared to the monometallic sulfides, the addition of more metals
adds to the complexities of composition, synthesis, and chemical structures [80], [83]. Amongst

the binary sulfide semiconductors, copper sulfide (CuxS) is an exceptional p-type and absorber
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material with a narrow bandgap of 1.2 eV that shows great conductivity for application in solar

cells [84], [85].

2.2.1 Copper sulfides

Copper sulfides have attractive optical and electrical properties, high carrier mobility, and great
electrocatalytic abilities [86]-[88]. Various stoichiometric forms (Figure 2.6) of solid-phase
CuxS exist, from copper-rich; high-chalcocite (hexagonal Cuz-1.94S), low-chalcocite
(monoclinic Cuz.0-1.997S), cubic- chalcocite (CuzS), djurleite (Cui.96S), digenite (Cui 8S), anilite
(Cui.75S), and copper-poor; covellite (CuS) [89]-[91]. The Cu-S system is a complex structure
with a triangular formation of CuS; groups and S-S bonds within the CuS4 tetrahedrons (Figure

2.7) [92], [90].

The work done by Evan et al. determined that low chalcocite has a monoclinic crystal structure
that consists of 24 Cu atoms and 12 S atoms in a distorted hexagonal-close packed framework
with fully occupied Wyckoff sites [93]. Its unit cell consists of 144 atoms made up of 96
copper atoms and 48 sulfur atoms. Low and high chalcocite have closely related structures due
to their hexagonal lattices; however, their copper atom arrangements are different. Both high
and cubic chalcocite do not have fully occupied Wyckoff sites [90]. Djurleite is also monoclinic
with a reduced copper concentration. A unit cell that consists of 62 Cu atoms, 52 in a triangular
formation, 9 in the tetrahedral formation, and 1 in linear coordination [94]. Depending on the
temperature used during synthesis digenite can exist as hexagonal, cubic, or rhombohedral
phases. At high temperatures digenite can convert to structures with high symmetry [95].
Anilite has the Pnma space group therefore it has an orthorhombic Cu-S system, in which the
S atoms are in an fcc arrangement with 28 Cu atoms ordered in the interstitial positions. The
unit cell is made up of 20 Cu atoms in triangular coordination and 8 are in tetrahedral
coordination [96], [97]. The Cu poor CuS (covellite) is made up of a simple Cu-S system, with
CuS;s and CuS4 groups [92].
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(a) Low-chalcocite Cu,S (b) High-chalcocite Cu,S  (c) Cubic-chalcocite Cu,S

(f) Anilite Cu, 75S

Figure 2.6: Crystal structures of (a) the low-chalcocite), (b) high chalcocite (hexagonal),
(c) cubic-chalcocite (cubic), (d) djurleite, (e) digenite, and (f) anilite. Blue and yellow

represent copper and sulfur atoms respectively [97].

Cus,

Cus,

Cus,

S-S

Cus,

Cus,

Cus,

Figure 2.7: Hexagonal unit cell showing the Cu-S system of triangular and tetrahedron

coordination for copper (blue) and sulfur (yellow) [92].
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2.2.2 Quantum effects

The bandgaps of these different copper (Cu) and sulfur (S) compositions vary depending on
the copper deficiency of the material. Free-holes due to Cu-vacancies results in larger bandgaps
due to unfilled orbitals [89]. Therefore more energy is needed to excite an electron from the
valance band (VB) to the conduction band (CB) this is called the Moss-Burstein effect [98].
Band energy (E) is not only affected by the Cu concentration, but also by the size and shape
of the copper sulfide particles. A change in the sizes of the nanostructured semiconductors
alters their chemical and physical properties due to the quantum confinement effect [99], [100].
To determine the size effect on quantum confinement, the absorption spectra can be used. In
work done by Luther et al., they found that there was a blue shift to higher energy in the UV-
Vis absorption spectra when the Cu«S particles decreased in size [101]. Many studies [98],
[102], [103] found that Cu«S nanoparticles with sizes of less than 10 nm showed a blue-shifted
bandgap absorption compared to bulk materials of CuxxS with larger sizes (Figure 2.8).
Therefore, more energy is required to create an electron-hole pair. Roy et al found that size

dependency prevails over the Moss-Burstein effect [104].
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Figure 2.8: Descriptive diagram showing the relationship between bandgap energy and

size of particles [100].
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Figure 2.9: Graphs (a-c) show bandgap dependence of copper sulfides with composition,

size, and shape of nanostructures [104].

2.2.3 Colloidal synthesis

To produce high-quality semiconducting Cu chalcogenide nanoparticles with distinct shapes
and sizes, colloidal synthesis is used [105]. This synthesis method allows for control over the
crystal phase, size, and shape of the particles by altering the precursors used, reaction time,
reaction temperature, and capping agents. Other advantages of using colloidal synthesis are the
monodispersity of synthesized particles and their high crystallinity [89]. Either the heat up or
the hot injection route can be used in colloidal synthesis. The heat-up route allows for an
increase in yield. The hot-injection route allows for more control on the shape and sizes of the
nanoparticles [106] as the nucleation and growth stages are dependent on the injection time.
General steps of synthesis involve nucleation from a homogeneous solution, growth of the
nuclei, isolation of synthesized particles, and then post-synthesis treatment to remove

unreacted precursors [107].

The nucleation process can occur through the heterogeneous or homogeneous route [108],
[109]. In a precursor saturated solution, homogeneous nucleation will occur spontaneously and
produce uniform nuclei. Heterogeneous nucleation occurs at a pre-existing solid phase

nucleation site that is in contact with precursors in their liquid or vapour phases. Although
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homogeneous nucleation occurs spontaneously a supercritical state of precursor saturation is
required for the reaction to start. The Gibbs free energy for the systems nuclei formation is
represented by AG in equation (2.1). Where |AGy, | is the difference of Gibbs free energy per
unit volume, 7 is the radius, and the surface energy per unit area is expressed as . The negative
term of the equation expresses a decrease in Gibbs free energy therefore a favourable bonding
will occur between a monomer and a cluster. An increase in the Gibbs free surface energy is
expressed by the positive term. This is due to the unfavourable bonding of a monomer. The AG
due to the bonding between a monomer and cluster corresponds to the contest between a
decrease in volume energy and an increase in surface energy. The curve of Gibbs free energy
for a cluster is shown in Figure 2.10, with 7, representing the critical radius (equation 2.2) that

corresponds to the activation energy barrier, AG,.

AG = — gnr3|AGV | + 4n2y 2.1)
_ %
= e 2.2)

Growth is unfavourable for clusters that are smaller than the maximum radius (7;.), due to the
positive surface energy increase being larger than the volume energy therefore the system
pushes for dissolution. When the clusters are larger than 7., there is a higher negative volume

energy decrease therefore growth is favourable [110], [111].
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Figure 2.10: Graph shows the change in Gibbs free energy for clusters depending on their

radius 7.
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2.2.3.1 LaMer Theory

In the 50s Victor LaMer developed the nucleation-growth theory, his burst nucleation concept
depends on the separation of nucleation and nanoparticle growth [112], [113]. For
homogeneous nucleation, nuclei are produced at the same time and growth occurs without
additional nucleation. The burst nucleation mechanism is exhibited in Figure 2.11, and it
illustrates the change of monomer concentration as the reaction time increases. In section I,
precursors are converted into monomers due to the critical temperature of the reaction being
reached. This causes an increase in the monomer concentration until supersaturation is reached
(Cs). Section II shows a burst in nucleation, the concentration of monomers has continued to
increase from section I until the minimum concentration for nucleation (C,,;,) was reached.
At C,,,in, level, the activation energy needed for nucleation is surpassed therefore rapid
self-nucleation occurs. This causes the monomer concentration to decline therefore
ending the nucleation process. For section III nucleation has stopped, the
supersaturation level continues to decrease as the remaining monomers bond to existing

nuclei resulting in nanoparticle growth.

critical limiting supersaturation
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rapid self-nucleation
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Figure 2.11: Diagram showing LaMer plot for the generation of nuclei, nucleation,

supersaturation and the successive growth of colloidal systems [110].
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2.2.3.2 Nanoparticle growth

Nanoparticle growth can occur through different mechanisms and is dependent on two
parameters, surface reactions and the diffusion of monomers to the surface [114]. For the
Ostwald ripening growth mechanism [115], the size of the nanoparticles determines their
solubility. The surface energy of the smaller particles and their high solubility in solution
allows them to redissolve and attach to large particles which then increase in size. This is seen
in work done by Sugimoto et al. [116]. The inverse occurs in work done by Lee ef al. [117]
where particle growth occurs through digestive ripening, this involves large particles breaking
down into smaller particles. The Finke-Watzky two-step mechanism [118] involves the
nucleation and growth processes occurring simultaneously. The initial step involves slow
continuous nucleation (A — B) and the second step is the autocatalytic growth of particles from
the precursors (A + B — 2B), therefore is not diffusion-controlled [119]. Intraparticle growth
occurs under distinct conditions where the energy of the nanoparticle’s crystal facets is higher

than the energy for monomers in the solution.

Therefore, the energy for the bulk solution resembles the particle’s surface energy which
determines the particles growth. If the facets of the particles have high surface energy they will
break down and if the energy is low, they grow and intraparticle diffusion will occur. Peng ef
al. [120], [121] describe intraparticle growth as the overtime alteration of the nanoparticle
shape due to the diffusion of monomers on the surface of the particles. Other growth
mechanisms are coalescence where there is random orientation of the lattice plane and no
attachment preference [122]. For orientated attachment, a crystallographic alignment exists for
attachment to occur [123], as seen in the work done by Li et al. [124] who found that the

particles rotated until the crystallographic orientation matched.

2.3 Dye-sensitized solar cells (DSSCs)

As one of the most promising third-generation solar technologies, dye-sensitized solar cells
(DSSCs) have been an area of intensive research since they were introduced by O’Regan and
Gritzel in 1991 [125], [126]. This increasing interest is because these technologies are easy to
assemble and have low fabrication costs due to the thin-film technology being used. DSSCs
are made up of 5 different components [127]. These are, the counter electrode (CE) that is
capable of regenerating the redox mediator, an electrolyte containing a redox couple which is

typically I™ / I3. Mechanical support that is coated with transparent conductive oxides (TCO)
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(i.e. tin indium oxide - ITO), a semiconducting film (TiO2), and lastly a sensitizer absorbed

onto the surface of the semiconductor (e.g. dye) [128], [129].

The schematic diagram of a DSSC, Figure 2.12 shows that with sunlight exposure the
sensitized dye in the DSSC is excited by the photons. The released electrons move from the
valance band to the conduction band of the mesoporous oxide film and create an electron-hole
pair.[130] The dye then promotes the diffusion of electrons towards the anode and the electrons
move through the external circuit to the counter electrode. The electrolyte containing the I~ /
I3 redox ions is used as an electron mediator between the photoelectrode and the counter
electrode. The oxidized dye molecules are regenerated by receiving electrons from the I' ion

redox mediator that gets oxidized to 13" to complete the dye cycle [125], [131], [132].

photoanode counter electrode

catalyst
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é Ti0, dye electrolyte glass

I—’e—>@—>@—+

I éhotons I

Figure 2.12: Schematic diagram of a dye-sensitized solar cell [127].

2.3.1 Counter electrode (CE)

The counter electrode (CE) is one of the crucial components of a DSSC as it plays an important
role in the efficiency of the device. It also collects electrons from the external circuit and
catalyzes the redox reaction in the electrolyte thus influencing the photovoltaic performance
and long-life stability of the device [133]. Currently, platinum-coated fluorine-doped tin oxide
(FTO) is used as a CE material for DSSCs, due to its high conductivity, and high catalytic
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activity [134]. However, it comes with several disadvantages such as high cost since platinum
is a noble metal, undersupply, and low stability in the electrolyte [135] this limits large-scale

production.

2.3.2 Electrochemical analysis of the counter electrodes

2.3.2.1 Cyeclic voltammetry (CV)

Cyclic voltammetry (CV) [136] is an electroanalytical technique that is used to obtain
qualitative and quantitative data for an electroactive material. A linear potential sweep is
applied to the working electrode at a steady scan rate from the high potentials to the low
potentials and then in the reverse direction. Since CV is an amperometric technique, the current
produced at the surface of the electrode is measured at each applied potential. To measure the
electrocatalytic activity of a CE material two negatively correlated components are important
in CV, the peak current density (I,). and the peak-to-peak separation (Epp). Given that the
performance of the DSSC is dependent on the reduction reaction. The reductive (cathodic) peak
shows this reduction of I3 to I™ [137]. For each CE material, the I, and E, data obtained
from the reductive peak will determine if the material can potentially replace the Pt-CE. A high
reductive peak current density and low peak-to-peak separation suggest that the CE material
has good electrocatalytic activity as electrons participate in the electrolyte redox reaction. The

surface area, morphology, and composition of the CE materials affect the I, and
Eppparameters. To determine the stability of the CE material several cycles of the CV analysis

are conducted. Changes in the characteristics of the CV curves are then used to assess the

stability of the various CE materials.
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Figure 2.13: Diagram illustrating a cyclic voltammetry plot showing the cathodic

potential (Ejc) and current (I,c) [136].

2.3.2.2 Electrochemical Impedance Spectroscopy (EIS)

Impedance spectroscopy of an electrochemical cell can produce relevant information that is
used to determine the capacitance and resistance occurring between the electrolyte and the
counter electrode [138]. A Nyquist plot is obtained from the EIS measurement and consists of
imaginary part impedance values on the y-axis and real part on the x-axis. The real part
impedance values relate to the resistances whilst the imaginary part relates to the capacitance.
The electrochemical cell typically used for EIS measurements enables accurate evaluation of
the impedance occurring at the electrolyte and counter electrode interface. For purpose of
analysis, an equivalent circuit of the Nyquist plot (Figure 2.14) is used to provide information
on the resistances occurring in a dye-sensitized solar cell. The high-frequency intercept on the

real impedance axis corresponds to the ohmic resistance (Rj).

This gives the series resistance of the conductive fluorine-doped tin oxide (FTO) substrate, the
adhered counter electrode material on the conductive substrate, and the counter-resistance. The
charge transfer resistance (R.;). is given by the radius of the semicircle which corresponds to

the constant phase angle (CPE) found at the counter electrode/electrolyte interface for the
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reduction reaction of Iz ions. The fast charge transfer rate suggests that there is good

electrocatalytic activity at the counter electrode and this is represented by a low R;.

High Low

frequenV_\f‘requency

Imaginary impedance

R Ry, Real impedance

Figure 2.14: An example of a Nyquist plot with an inset of the equivalent circuit for fitting

the electrochemical impedance spectroscopy (EIS) data.

2.3.2.3 Tafel polarization

To analyze the electrochemical reaction of electrolyte reduction from I3 to I™ by the counter
electrode material, Tafel polarization can be used. The Tafel plot shows the logarithmic current
density (log J) as a function of the applied potential (V) as shown in Figure 2.15. A Tafel curve
can be split into three parts, with the lower region representing the polarization zone. The
middle region of the curve is the Tafel zone, this corresponds to the electrocatalytic activity of
a counter electrode [139], [140]. The high potential region is the third part of the curve which
represents the diffusion zone. This relates to the diffusion of the electrolyte ions at the electrode
surface. Other information that can be obtained from the polarization curves is the exchange
current density (/) and the limiting diffusion current density (/;;,,,). These parameters relate to
the electrocatalytic activity of the counter electrode. From equation 2.3, the exchange current

density (J,) is inversely proportional to the charge transfer resistance (R;):

RT

Jo = (2.3)

NnFRct
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where T is the temperature (298 K), R is the gas constant, n is the number of electrons, and F
is the Faraday’s constant [141]. Therefore, for an increase in electrocatalytic activity of the
counter electrode, a high J, value and low R_; is exhibited. The electrocatalytic activity, ion
adsorption, and diffusion ions have an effect on the limiting diffusion current density. J;i,
corresponds to the maximum number of ions that can diffuse onto the CE. This is shown in
equation 2.4 as the diffusion coefficient (D) of the electrolyte is directly proportional to J;;,,
[141].

L
D= ——Jim (2.4

In the equation above, the spacer thickness is represented by L, F is the Faraday’s constant,
and n is the number of electrons involved in the reaction. Therefore, for an increase in
electrocatalytic activity of the CE, a high J, value and low R, is exhibited. It follows that a

high J;;, suggests that the electrocatalytic performance of the CE has increased.
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Figure 2.15: Diagram illustrating a Tafel polarization plot of a DSSC.

2.3.2.4 Current-voltage (I-V) measurements

The current density-voltage measurement is carried out on a fabricated DSSC device consisting
of the photoanode and counter electrode connected to a potentiostat [142]. The generated
current is measured against the applied potential from the potentiostat as shown inthe I —V

plot (Figure 2.16). Four crucial parameters can be obtained from the I — V graph, the open-
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circuit voltage (V,.), short-circuit current density (Js.), fill factor (FF), and the power
conversion efficiency (PCE) [143]. J,. is the photocurrent density flowing through the external
circuit when the applied potential is zero. This short-circuit current arises from light
illumination on the solar cell with no external voltage. Factors such as the charge transmission
efficiency at the photoanode, adsorption of the active layer, and electrolyte composition
determine the J;.. Open-circuit voltage (V,.) is represented by the voltage between the
terminals when the photocurrent is zero. The V,. value is dependent on the difference between
the Nernst potential (E,) and the Fermi level (Er) [144]. PCE is defined as the ratio of the
output power to the input power therefore, it is the overall incident light (P;,,) to electric power

conversion efficiency (Pp,qx oue) [140]. This is represented by equation 2.5:

PCE = Pma?c,out x 100 % = max(I x V)

in in

x 100 % (2.5)

The fill factor index represents the overall quality of the solar cell. This can be defined by the
maximum power output from V,. and J. as shown by equation 2.6. An ideal DSSC has no
charge loss, sensitizer corrosion, or electron-hole recombination and would, therefore, exhibit

arectangular I — V curve with a FF value of one.

FF=—% _ x100% (2.6)

sc X Voc

Factors such as the charge transfer resistance (R, ), the Warburg impedance (Z,, ), and the shunt
resistance (Rgy, ) affect the FF value. Small charge transport (R;) in a solar cell corresponds to
the reduced loss of open-circuit voltage (V). The shunt resistance represents the efficiency of
the electron-hole separation and a large R, corresponds to the reduced loss of short-circuit
current density (Jg.) [145]. It follows that a small R.; together with a large Ry, result in an

increased FF value and better PCE.
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Figure 2.16: Plot of the current-voltage (I-V) curves of a solar cell in the dark and under

illumination.

2.4 Carbon composites for use as counter electrodes in DSSCs

The performance of DSSCs is dependent on the semiconductor material used. Carbon
structures have attracted several researchers for the use of counter electrodes in DSSC. This is
due to their high conductivity and low-cost synthesis. Hollow structured carbon materials have
been reported to have great photovoltaic properties. For example, Wu et al. conducted a study
on solid carbon spheres (SCS), hollow carbon spheres (HCS), and open-end carbon spheres
(OCS) in the iodide electrolyte [146]. They found that the OCS (8.7%), and HCS (8.1%)
exhibited a higher power conversion efficiency (PCE) compared to SCS (7.8%), and their
reference Pt (8.0%). Even after a 40-day stability test OCS and HCS retained high PCE’s of
88.7 and 89.2%. The high conversion rates were attributed to the voids in the hollow structures
which resulted in higher surface area and therefore, increase the active sites. This increase has
also been reported with other hollow structures such as carbon nanotubes. An increase in
efficiencies of these carbon materials can be achieved through heteroatom doping and/
synthesizing porous carbon materials. From the photovoltaic parameters listed in (Table 2.1),
it can be noted that the mesoporous carbon exhibited a PCE that is almost three times that of
macroporous carbon. This suggests that the mesoporous nature of the material assists with

electrolyte reduction in DSSC.
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Fang et al. found that hollow-core mesoporous shell carbon (HCMSC) had higher /. (15.85
mA/cm?), V. (0.74 V), FF (0.67) and PCE (7.56%) [147]. This was in comparison to its carbon
counterparts activated carbon (J,. -15.00 mA/cm?, V,. -0.73 V, FF - 0.54 and PCE 6.24%)and
ordered mesoporous carbon (J,. -15.65 mA/cm?, V. -0.73 V, FF - 0.61 and PCE 7.03%). These
results suggest that a mesoporous shell on hollow carbon structures enhances the
electrocatalytic activity of the material. This is due to the high surface area and accessible
porosity of the carbon material [148]. The doping of porous carbon with nitrogen increases the
conversion efficiency of the material. This was exhibited in the work done by Wang et al. they
found that nitrogen-doped porous carbon had a V,. of 0.707 V, Js. of 15.19 mA cm 2, FF of
0.66, and a PCE of 7.09% [149]. This electrocatalytic parameters where higher than those of
undoped porous carbon (V. -0.667 V, J.. -14.37 mA/cm?, FF - 0.64 and PCE 6.13%). This
enhanced photovoltaic performance is owed to not only the mesoporous nature and the high

surface area but also the presence of nitrogen in the porous layers.

Single structured carbon materials have shown favourable electrocatalytic performances
parameters, as seen in the table below. However, hybrid materials seem to exhibit better
performances this could be ascribed to their multi-functionality behaviours. From the reviews
conducted by Chen et al. and Samantaray et al. [150], [151]. They concluded that carbon
structures including doped and mesoporous structures have high catalytic abilities for redox
reactions. However, the application of hybrid carbon materials has great potential for DSSC.
From the Meyer ef al. review, carbon materials and their composites with metal sulfides exhibit
slightly lower efficiencies as counter electrodes, compared to Pt [152]. Therefore more work
needs to be conducted to produce better carbon-metal sulfide counter electrodes. To achieve
this, their morphology can be manipulated to produce materials with high catalytic areas that
facilitate high electron transfer at the CE interface. From the table below it can be concluded
that hybrids of metal sulfides with carbon materials increased the efficiencies of the metal

sulfides.
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Table 2.1: Electrocatalytic parameters and photovoltaic performance of various carbon

CE materials.

CE material R, Jsc Veo FF PCE Ref
(ohm) (mA/cm?) (V) % %

Microporous carbon 1.32 14.80 0.798 62 7.36 [153]
Ordered mesoporous carbon 6.50 13.56 0.797 69 7.46 [154]
Ordered macroporous carbon 4.70 14.10 0.772 52 2.91 [155]
Hollow ACN 6.80 14.50 0.730 62 6.58 [156]
N-HCS 6.17 14.03 0.719 61 6.14 [157]
Co-N- HCS 6.08 15.11 0.728 70 7.71 [157]
CuS 2.90 8.72 0.589 45 2.30 [158]
rGO:CuS 1.48 10.62 0.545 45 2.62 [158]
CuzS 5.05 16.20 0.560 41 3.77 [159]
rGO:CuzS 4.70 17.20 0.560 44 4.26 [159]
CZTS-MWCNT 4.19 16.62 0.760 72 9.04 [160]
CoNi2S4/rGO 12.20 21.96 0.880 85 10.21  [161]

Since carbon materials have shown potential as substitutes for platinum as the counter
electrode, this is because carbon is environmentally friendly, cheap, abundant, stable, has good
resistance towards iodide, and have high reactivity to triiodide reduction. The drawbacks of
carbon in DSSCs are slow diffusion of the electrolyte through micropores therefore to combat
this, mesoporous hollow carbon spheres were synthesized in this work. In most of the research
that has been carried out on the use of carbon as a counter electrode, it was established that the
composites of carbon with other carbon materials [162] or different materials such as titania
[163] and polyaniline[ 164]. The composites were found to have enhanced charge transfer from
the counter electrode to the electrolyte, high electrical conductivity, and good catalytic activity
[165]. Copper sulfides have high conductivity, good electronic properties, and high oxidation
resistance. However, CuzS is unstable, has Cu vacancy formation as the redox reactions occur.
This leads to an increased bandgap and the material behaving as a degenerate semiconductor

[166].
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A composite between the two materials discussed could stabilize copper sulfide and enhance
carbon properties. Single-shelled and double-shelled hollow carbon synthesis for this work was
influenced by Mutuma et al. [44] and Zhang et al. [167] respectively. And the colloidal
synthesis was influenced by Wang et al. [107]. Copper sulfide and single-shelled hollow
carbon spheres have been individually researched for their possible use as CE materials in
DSSC. However double-shelled hollow carbon spheres, their composite with CuxS, and the
composite of single-shelled hollow carbon spheres with Cu,S have not been explored as CE
materials in DSSCs. This works aims to synthesize these materials and prepare composite
materials with carbon and copper sulfide. Their electrocatalytic activity will then be

investigated to determine if they exhibit better catalytic properties compared to Pt.
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Chapter 3

Synthesis and characterization of porous nitrogen-doped hollow

carbon spheres

3.1 Introduction

Endotemplating and exotemplating also known as soft and hard templating respectively have
remained two of the primary synthesis routes in the preparation of hollow carbon spheres.
Although different modifications have been made under these two classifications over the years
such as the addition of polyvinylpyrrolidone to the hard silica template [1] the basis of these
synthesis techniques has remained the same over the years. In the process, a core is removed
from a core-shell particle to give a negative replica of the original template. Soft templating
synthesis refers to the use of soft matter. Such as vesicae, micelles, gas bubbles, polymer
aggregates, or emulsions are used to make the core (Figure 3.1) [2]-[4]. Due to the fragility of
the soft matter, the morphology of the targeted end product is harder to control [5]. Therefore,
because of this disadvantage, the hard template method is preferable as it gives better synthesis
control and because of the rigid mold, the resulting inverse replicas are more likely to have

structural uniformity [6].
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Figure 3.1: Different types of template materials that can be used for the synthesis of

hollow materials [4].
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For the synthesis of hollow carbon spheres using the hard template approach, silica (Si03) is
the most frequently used matrix. This is due to its inorganic nature and excellent properties
such as; being cost-effective, having great chemical stability, and that it is easily malleable [7].
The formation of SiO» can either be carried out using the sol-gel or the Stober method. During
the sol-gel method, silicon alkoxides (Si(OR)4) in their monomer form such as (TEOS;
tetraethylorthosilicate (Si(OC2Hs)4)) undergoes hydrolysis and condensation in the presence of
an acid (e.g. HCI) or a base (e.g. NH3) which acts as a catalyst for the reaction. In terms of
TEOS, its hydrolysis forms silanol groups which are then converted to siloxane bridges (Si-O-
Si) due to the condensation reaction between the silanol molecules or silanol and ethoxy

molecules [8]-[10]. This creates a silica structure.

Primarily both methods undergo the same reactions; hydrolysis (Equation 1) where the ethoxy
groups of TEOS molecules are attacked by the hydroxyl anions from water to form the
intermediate [Si(OC2Hs)sx (OH)x]. The condensation reaction then occurs immediately with
the intermediate hydroxyl group either reacting with another ethoxy group in TEOS to undergo
alcohol condensation (Equation 2) or it reacts with a hydroxyl group of another intermediate
which would result in water condensation (Equation 3) to form SiO[11]. However, the Stober
method has the main advantage of the ability to control the distribution, morphology, and
particle size by methodical variation of the reaction parameters [12].

hydrolysis
Sl (OC2H5)4 + XHzo _— Sl (OC2H5)4_X (OH)X + X C2H50H (1)

alcohol condensation

= Si— OC,H; + HO - Si = =Si—-0-Si=+C,H;OH (2)

water condensation

=Si—OH+HO—Si = =Si—0—Si =+ H,0 (3)

The overall reaction is:

Si (0C,Hg), + 2H,0 — Si0, + 4C,HsOH

In comparison to typical solid silica spheres, mesoporous silica has attracted a substantial
amount of interest due to its low toxicity, high surface area, permeability, well-ordered
structure, high thermal stability, uniform pore distribution and, ability to productively react
with other materials [13], [14]. The dense nonporous shell of the solid silica provides a limited
surface area and a small number of active sites for binding, functionalization and, adsorption

[15]. It is however more favourable to introduce a porous shell on the silica surface through
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the use of pore-forming agents such as n-octadecyltrimethoxysilane (CisTMS),
cetyltrimethylammonium chloride (CTAC), or cetyltrimethylammonium bromide (CTAB) in
a modified Stober silica synthesis method [16], [10]. The synthesis of hollow carbon spheres
is primarily dependent on the template used to obtain the spherical structures. Therefore this is
one of the most important parts of the synthesis as the template can affect the carbon shell

properties.

In recent research, single-shelled and double-shelled hollow carbon spheres have been
synthesized using these mesoporous hard silica templates. They were found to exhibit excellent
properties which include high surface area, good mass transport due to the cavity volume, good
electrical conductivity, and great chemical, mechanical and thermal stability [17]-[19]. Due to
these properties and the porous nature of these materials, they have played a pivotal role in
electrochemical applications largely due to their high surface area that provides innumerable
active sites for electrocatalytic activity [20]-[22]. Depending on the experimental parameters
and the carbon source chosen, different carbonization techniques can be employed using
exotemplating. These techniques include hydrothermal carbonization (HTC), chemical vapor
deposition (CVD), arc-discharge, and laser ablation [3]. However, CVD synthesis is the most
commonly used route as it is reproducible and results in the synthesis of high-quality carbon
materials [23]. The carbon materials are then annealed at high temperatures to purify [24] and

enhance their properties such as porosity [25].

For a typical single-shelled hollow carbon spheres synthesis via a CVD route, the rigid template
is synthesized with characteristics resembling the desired end product morphology. The as-
synthesized template is then coated with the chosen carbon precursor at high temperatures (>
600 °C) in an inert atmosphere. Thereafter the silica template is then etched out using
hydrofluoric acid (HF) or sodium hydroxide (NaOH) leaving a negative replica. These
synthesis steps will be followed in this study to produce mesoporous single and double-shelled
hollow carbon spheres. To achieve this mesoporous silica will be synthesized and used as the
sacrificial templates. For double-shelled hollow carbon spheres, solid mesoporous silica
spheres are synthesized followed by selective etching of the resulting silica spheres. This
produces ring-shaped silica templates that are then carbonized using the CVD process detailed
above and then the silica is etched out to produce mesoporous double-shelled hollow carbon

spheres.
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Doping of carbon materials with nitrogen (N) can improve their catalytic activity and
electrochemical reactions [26], [6]. It has been noted in previous research that the heat
treatment of N-doped carbon has the potential of detaching nitrogen atoms from the surface.
To eliminate this drawback, post-synthesis doping can be implemented [27]. The incorporation
of nitrogen atoms into the layers of carbon material can occur to give four types of C-N bonds
(Figure 3.2). The formation of quaternary-N involves the simple substitution of a single C
atom with a N atom resulting in N being bonded to three carbon atoms. Substitution to give
nitrogen that would be bonded to two carbon atoms creates pyridinic-N (sp? hybridization).
The N atom can also be bonded to two carbons and a O atom to give pyridinic N-O. Pyrrolic-
N is formed when a N atom is included in a pentagonal ring (sp? or sp> hybridization) [28],
[29]. Some experimental studies have indicated that high concentrations of pyrrolic and
pyridinic nitrogen atom configurations improve carbon materials through enhanced hydrogen
bonding and pi-bond interactions resulting in enhanced electrocatalytic performances and

biocompatibility [30].

Pyrrolic-N
EN

“N. Pyridinic-N

Figure 3.2: Nitrogen atom configurations in carbon materials: (1) pyridinic-N, (2)

pyrrolic-N, and (3) quaternary-N [31].

Given that porous carbon shells, nitrogen doping, and the addition of carbon shells enhances
the properties of hollow carbon spheres. In this study, single-shelled and double-shelled hollow
carbon spheres will be synthesized with these properties to improve their electrochemical
performance. Xu et al. found that nitrogen-doped double-shelled hollow carbon spheres
exhibited great electrochemical properties, therefore, their template synthesis will be used to

produce double-shelled hollow carbon spheres for this study [32]. Double-shelled HCSs
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amplify the advantages and properties of HCSs. The increased surface area and large void
allow for more catalytic reactions to occur [33]. Therefore, in this research, the properties of
the synthesized single and double-shelled HCSs will be compared to determine the carbon
material with great properties. Due to the advantages of CVD synthesis, horizontal CVD will
be used to produce high-quality carbon materials which will then be purified by annealing them
at high temperatures. Carbon and nitrogen sources will be varied to study the change in

properties of the HCSs and obtain the carbon materials with the best catalytic abilities.

3.2 Experimental

3.2.1 Starting materials

Tetraethylorthosilicate, (TEOS, 98%, Aldrich), hexadecyltrimethylammonium bromide (> 98
%) (CTAB), octadecyltrimethoxysilane, (CisTMS, 90%, Aldrich), ammonium hydroxide,
(NH4OH, 25% Fluka), ethanol (CoHsOH, 96%, Merck), sodium carbonate (NaxCO3, 99.5%,
Merck) and deionized water were used as reagents for the synthesis of the pristine and
mesoporous SiO2 spheres. Hydrofluoric acid, (HF; 40%, Associated Chemical) was used for
etching S10;. Acetylene (C2Hz, 99.5%, Aldrich) and toluene (C7Hs, 99.5%, Aldrich) were used

as a carbon source and, argon (Ar) as the carrier gas.

3.2.2 Synthesis of mesoporous silica spheres and their single-shelled hollow carbon
spheres

(i) SiO: synthesis
Silica spheres were synthesized by preparing a solution of 180 ml of ethanol (ETOH), 60 mL
of distilled water (H20), and 10 mL of ammonium hydroxide (NH4OH) which was then stirred
for 10 min at room temperature. After the ETOH- H>O- NH4OH solution had been stirred, 35
mL of tetraethylorthosilicate (TEOS) was added slowly to obtain polydispersed silica spheres

and the resulting solution was stirred at room temperature for 1 h [1], [34].

(ii) Mesoporous SiO2 m- SiOz) synthesis

In 30 ml of ethanol, ImL TEOS and 5ml of CisTMS were dispersed and the resulting solution
was then added to the solution of synthesized polydispersed silica spheres described above in
part (i). The solution was then stirred for 6 h at room temperature to form the porous shell on
the preformed silica. The synthesized mesoporous polydispersed SiO2 spheres (m-SiO) were

washed three times with an ethanol-water solution to remove undesired particles, centrifuged
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at 4500 rpm for 20 min, oven-dried at 80 °C for 12 h, and then calcined at 600 °C for 6 h to
remove any unreacted particles. This method of mesoporous silica synthesis produced a high

yield, between 8-10 g.

(iii) Carbonization of m-SiO;

Carbonization of m-SiO2 spheres was carried out using the horizontal CVD method. In the
process, 4 g of m-SiO> was placed in a quartz boat which was then placed in the horizontal
quartz reactor and heated up to 900 °C at a ramp rate of 10 ml/min under a constant supply of
Ar gas with a flow rate of 100 ml/min. Acetylene gas and liquid toluene were used as the carbon
precursors, acetylene gas was introduced into the reactor with Ar as the diluent gas. For liquid
toluene, a bubbler was used to transport the liquid precursor using Ar gas as the carrier gas.
Figure 3.3 Once the reaction temperature of 900 °C was reached, either acetylene gas or
toluene was introduced into the reactor by use of a carrier gas for 2 h and then the reactor was
allowed to cool to room temperature. Removal of the silica core particle was done using 10 %
hydrofluoric acid (HF) for 24 h at room temperature. The synthesized hollow carbon spheres
were filtered, washed with distilled water, and dried then annealed at 900 °C under Ar gas for

1 h. This yielded 1.5 g— 2.0 g of carbon was collected after washing and drying.

e®e Carbon source .
C,sTMS e l,'. HF etching
) 5 —) —
S + Ar @ 900 °C

(i) Pristine SiO, (ii) m-sio, (i) m-Si0,@C (iv) m-HCS

Figure 3.3: Schematic diagram depicting the synthesis of single-shelled mesoporous

hollow carbon spheres.

3.2.3 Synthesis of double-shelled hollow carbon spheres

(i) Double-shelled m-SiO:

Solution A was made up of 70 mL of ethanol, 15 mL of distilled water, and 4 mL of ammonium
hydroxide was stirred at room temperature for 10 min. Whilst under magnetic stirring 6 mL of
TEOS was then added slowly to the solution which was then stirred for a further 1 h. Solution
B containing 10 mL of ethanol, 20 mL distilled water, 3 mL of ammonium hydroxide, and 1 g
of CTAB was also stirred at room temperature to produce m-SiO». Solution A and B were then

mixed and stirred for 30 min after which 2 mL of TEOS was added, and the resulting solution
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was stirred for 6 h and then centrifuged. The oven-dried SiO,@m-SiO» product was then
dispersed in 100 ml of 0.6 M sodium carbonate (NaxCO3) and stirred at 80 °C for 1 h to

selectively etch out some of the solid silica.

Removal of the alkaline solution was done by washing thoroughly with distilled water until the
pH was neutral, the product was dried under vacuum at 100 °C and calcined at 600 °C for 6 h

to remove any unreacted CTAB.

(ii) Carbonization of double-shelled m-SiO>

This was carried out with the same experimental set-up as stated in section 3.2.2 (iii) with

.'

toluene as the carbon source and argon as the carrier gas (Figure 3.4).

(i) Pristine SiO, (ii) s- Si0, @m- Si0, (iii) Double shelled (iv) m-Double
m- Si0, shelled HCS

Figure 3.4: Schematic diagram depicting the synthesis of double-shelled mesoporous

hollow carbon spheres.

3.2.4 Post-synthesis doping of single-shelled and double-shelled hollow carbon
spheres

Both double-shelled and single-shelled carbons were synthesized as described above. Then 4
g were of the synthesized hollow carbon spheres were added to a quartz boat. Post synthesis
doping was then carried out in a horizontal chemical vapour deposition (CVD) reactor. The
temperature was increased at 10 mL/min until it reached the reaction temperature of 800 °C.
The hollow carbon spheres were doped for 1 h using ammonia gas or acetonitrile as the nitrogen

source, with Ar as the carrier gas at a flow rate of 50 mL/min.

3.2.5 Characterization techniques

The thermal stability and decomposition temperature of the crude and annealed hollow carbon
spheres (HCSs) were determined by the thermogravimetric analysis (TGA) using a Perkin
Elmer Pyris 1 TGA. The procedure involved heating 10 mg of the HCSs from 35 °C to 900 °C
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at a heating rate of 10 °C/min under air. Using the Brunner Emmet and Teller (BET) method,
the specific surface area of the synthesized silica particles and HCSs was calculated from N>
adsorption data and the pore size distributions were determined using the Barett-Joyner-
Halenda (BJH) method by analyzing the desorption branches of the N> isotherms. To determine
the surface area a Micromeritics RS232 BET surface analyzer was used. Nitrogen
concentrations in the doped and undoped carbon materials were determined by CHN elemental
analysis using a Carlo Erba NA 1500 Nitrogen Carbon Sulphur Analyzer. To analyze the
morphology and structural properties of both the silica and carbon materials, 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 were used.

The amount of nitrogen incorporated within carbon layers of the hollow carbon spheres (HCSs)
and the nitrogen bonding modes was evaluated using 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 ka (1486.7 eV) X-ray beam with a diameter of 900 um. The
measurement for the degree of graphitization and structure of the synthesized HCSs was done
using Raman spectroscopic analysis, this was carried out using a Jobin-Yvon T6400 micro-
Raman spectrometer equipped with a laser excitation wavelength of 514.5 nm and a liquid N,
cooled charge-coupled device detector. The phase and structure of the as-synthesized carbon
materials were determined using the Bruker (D2-205530) diffractometer using secondary
graphite monochromated CuKa radiation (A 1.54184 A) at 30 kV/30 mA giving the powder X-
ray diffraction (PXRD) pattern of the materials.

3.3 Results and discussion

3.3.1 Pristine and mesoporous silica with their respective single-shelled

mesoporous hollow carbon spheres

Polydispersed silica spheres were synthesized by the slow addition of TEOS to a solution of
water, ethanol, and ammonium hydroxide as the base. This initiated the hydrolysis reaction
between the TEOS molecules and water. The silicon alkoxide addition was done slowly and
thus different nucleation processes occurred resulting in the formation of polydispersed silica
particles [35]. The dispersity of the as-synthesized silica particles is shown in the TEM
micrographs and the particle size distributions graphs in Figure 3.5. The SEM and TEM
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micrographs show the spherical morphology of the silica particles and from the particle size

distribution graphs, the average particle size was found to be ca. 360 nm.

12

(b)
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Figure 3.5: Pristine silica (a) TEM micrograph, (b) particle size distribution (extracted

from a low magnification image) and (c) SEM micrograph.

The TEM micrographs of the pristine Figure 3.5a and mesoporous Figure 3.6a silica showed
that the spherical morphology was preserved and that the pristine silica has a smooth outer
surface whereas the mesoporous silica exhibited a rougher surface and a thick spherical

mesoporous outer shell. The average shell thickness (Figure 3.6a) of the mesoporous silica

layer was found to be 60 nm.
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Figure 3.6: (a) TEM micrographs of mesoporous silica micrographs and (b) particle size

distribution (extracted from a low magnification image).

The N; adsorption-desorption isotherm data obtained showed that pristine silica has a type (I1I)
adsorption isotherm Figure 3.7 according to the IUPAC report [36]. This suggests that the
material has a non-porous surface. This is corroborated by the data shown in Table 3.1 as the
pristine silica has a low surface area and pore volume suggesting that it is non-porous or
macroporous. Mesoporous silica adsorption isotherm also in Figure 3.7 shows a type (I)b
isotherm because of the steep uptake at low P/P, (0.37) due to enhanced adsorbent-adsorptive
interactions in the micropores, type (I) isotherms are found in conjunction with materials that
have pore size distributions over a broad range, with narrow mesopores and wider micropores.
Furthermore, in Table 3.1 the mesoporous silica was found to have a high surface area and

pore volume also confirming that the surface of the material has a porous nature.
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Figure 3.7: BET surface area analysis of pristine and mesoporous silica spheres.

Table 3.1: Pore volumes, BET surface areas and pore sizes of pristine, and mesoporous

silica spheres.

Sample BET surface area  Pore Volume Pore Size
(mZg") (cm’/g) (nm)
Pristine Silica 16.8 0.12 28
Mesoporous Silica 296 0.27 2.4

The morphologies of the hollow carbon spheres synthesized from the two types of silica were
analyzed using TEM. The hollow carbon spheres obtained were not deformed owing to the
rigidity of the spherically shaped silica. The resulting HCSs carbonized using pristine silica as
a template, exhibited a very smooth thin shell with an average shell thickness of 21 nm when
toluene was used as the carbon precursor. When acetylene was used as the carbon source, a
bubble-like outer shell with a thickness of 10 nm was observed. During the carbonization
process, the carbon atoms are adsorbed onto the surface of the silica spheres and due to the low
surface area and pore volume of the pristine silica spheres, the surface becomes oversaturated
resulting in the formation of a thin carbon shell. The small shell thickness can also be attributed
to the long carbonization time as carbon atoms may start to be removed from the external area
of the shell with an increase in CVD time, therefore decreasing the shell thickness [37]. Some
of the disadvantages of thin shells are that upon further pyrolysis during the annealing or post

doping process, the shells can become thinner resulting in deformation or breakage during
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further processing thereby destroying its spherical morphology. The differences in shell
thickness can be attributed to the different carbon sources used this is observed in the TEM
micrographs Figure 3.8(a) and Figure 3.9(a) show that the acetylene gives a carbon

morphology described as bubble-like.
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Figure 3.8: TEM micrographs of hollow carbon spheres synthesized from pristine silica
with different carbon sources (a) acetylene, (b) toluene and their respective particle size

distributions (c) and (d).

Carbonization of mesoporous silica is expected to produce hollow carbon spheres with thicker
shells compared to pristine silica templated HCSs. This is due to the mesoporous channels on
the silica, these get blocked by carbon atoms as the carbon precursor flows through the reactor.
Upon removal of the silica template, the mesochannels remain on the carbon replica, and this
suggests that the shell thickness of the mesoporous layer on the silica can influence the
thickness of the resulting HCSs. The shell thickness of the acetylene mesoporous HCSs was

found to be 46 nm and 49 nm for toluene. This difference in thickness is also shown in SEM
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micrographs Figure 3.9(e) and (f). The SEM micrographs in Figure 3.9 (e-f) show a bubbly

surface which can be attributed to the mesoporous nature of the hollow carbon spheres.
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Figure 3.9: TEM micrographs of hollow carbon spheres synthesized from pristine silica
with different carbon sources (a) acetylene, (b) toluene, their respective particle size

distributions (c¢) and (d) and SEM micrographs (e) acetylene, (f) toluene.

N> adsorption-desorption isotherm data obtained shows that mesoporous silica carbonized with
acetylene has a type (III) adsorption isotherm whereas toluene mesoporous HCSs showed a
type (I) adsorption isotherm suggesting that they possess better mesoporous characteristics this

is corroborated by the BET data shown in Table 3.2, therefore, toluene penetrates better
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through the mesochannels. Furthermore, acetylene gas is thermodynamically less stable
compared to other carbon sources therefore toluene carbon source was chosen to be the better

carbonizing source in this research.
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Figure 3.10: BET surface area analysis of mesoporous hollow carbon spheres carbonized

by toluene (red) and acetylene (black).

Table 3.2: Pore volumes, BET surface areas, and pore sizes of mesoporous hollow carbon

spheres.
Sample BET surface area  Pore Volume Pore Size
(m’g™) (cm’/g) (nm)
Toluene Carbon 823 0.89 0.4
Acetylene Carbon 106 0.21 8.6

3.3.2 Double-shelled mesoporous silica and its hollow carbon spheres in

comparison with single-shelled mesoporous hollow carbon spheres

3.3.2.1 Morphology analysis of double-shelled silica templates and their respective
hollow carbon spheres

The silica template was characterized using TEM. The SiO>@m-SiO; particle size was found
to have an average particle size of 750 nm and after selective etching, polydispersed templates

were observed with an average particle size of 727 nm. The slight size reduction could be due
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to etching or disintegration of surface carbon layers due to heating. In Figure 3.11(a) the TEM
micrographs show a darker core particle and a lighter outer edge this confirms that SiO@m-
Si02 was successfully synthesized. The core particle is made up of silica spheres (SiO2) and
the outer shell has a mesoporous layer (m-SiO2). The double-sided mesoporous shells are
shown in Figure 3.11(b) and were found to have an average shell thickness of 73 nm, their
carbonization should occur on both the inside and outside of the template which when etched

out with HF will result in the formation of double-shelled mesoporous hollow carbon spheres
(DS-mHCS).

(@)

Figure 3.11: TEM micrographs of (a) SiO2@m- SiOz2, (b) double-shelled m-SiOx2.

The resulting double-shelled mesoporous hollow carbon spheres Figure 3.12(a-e) were found
to have an average inner particle size of 545 nm and outer particle size of 726 nm, the average
spacing between the two shells was found to be an average of 72 nm similar to the silica
template shell thickness shown in Figure 3.11(b). The SEM micrograph in Figure 3.12(f)
shows a definition between the inner and outer shell, and, the bubbled surface morphology and
this can be attributed to the mesoporous nature of the hollow carbon spheres. Complete, broken,
and partially formed carbon shells are observed in the TEM and SEM micrographs. The broken,
and partially formed carbon shells can be ascribed to an incomplete coating of the silica spheres
due to the short carbonization time. The resulting thin or incomplete shells could have been

broken during the etching process.
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Figure 3.12: Double-shell mesoporous hollow carbon spheres micrographs (a-e¢) TEM, (f)

SEM, and (g-h) the particle size.
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3.3.2.2 Structural analysis of double-shelled and single-shelled hollow carbon
spheres

The powder X-ray diffraction (PXRD) patterns both show a strong (002) plane peak at 26 =
25° indicating that a well-ordered structure was formed. The (002) peaks are found to be broad,
this can be ascribed to their small crystallite sizes. The difference in peak intensities suggests
that the single-shelled carbon is more crystalline whereas the double-shelled is disordered and
therefore has low crystallinity. The (101) plane peak at 20 = 43° also corresponds to the

graphitic nature of the hollow carbon spheres [38].

—— Single-shelled
—— Double-shelled

(002)
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Intensity (a.u.)
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Figure 3.13: Powder X-ray diffraction patterns of single and double-shelled mesoporous

hollow carbon spheres.

3.3.2.3 Raman analysis of single-shelled and double-shelled hollow carbon spheres
Bonding order and the structural characteristics of the synthesized materials were studied using
Raman spectroscopy, the peaks located at 1342 cm "' and 1334 cm'! are related to the D band
which is associated with the sp® vibrations of carbon atoms with dangling bonds in the plane
of disordered carbon. The G band peaks at 1593 cm ! and 1601 cm™! are due to the plane
vibrations of sp? bonded carbon atoms and the Ex, mode of the graphitic material, the positions
of these band peaks suggest that the synthesized hollow carbon spheres have some graphitic
nature [39]. The intensity ratios of the D and G peaks relate to the sp*/sp? carbon ratio, and
these are used to measure the degree of disorder that is present in different materials. The
presence of the D band indicates that the material is defective, the G band represents the level

of graphitization and both the D and G represent sp? vibrations of bonded carbon atoms.
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The lower the ratio, the higher the degree of graphitization suggesting that there are more sp>
bonds present, and the higher the ratio the more defective the material is therefore there are
more sp> bonds [40]. Both Ip/Ig ratios in Table 3.3 are above 1 therefore defect densities are
present in both carbon materials and can likely be attributed to their high porous nature [19].
Since the single-shelled HCSs have a lower ratio this suggests that they are slightly more
graphitic in comparison to the double-shelled HCSs which were found to be more disordered,

this is consistent with the PXRD data Figure 3.13.

Table 3.3: The In/Ic ratios of single and double-shelled mesoporous hollow carbon

spheres.
Sample D-band position G-band position In/IG ratio
(em™) (em™)
Single-shelled 1342 1593 1.34
Double-shelled 1334 1601 1.36
I I I I — Sinlye-e‘.hellec'lI
G pouble-shelled

Intenslity (a.u)

800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)
Figure 3.14: Raman spectra of single and double-shelled mesoporous hollow carbon

spheres.

3.3.2.4 Thermal stability and purity analysis of single and double-shelled
mesoporous hollow carbon spheres
Analysis of the thermal stability of annealed and un-annealed hollow carbon spheres was

carried out using thermal gravimetric analysis (TGA). The TGA profiles of the crude single
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and double-shelled HCSs showed a three-step process. The single-shelled (SS) carbon started
decomposing at 67 °C but steadily maintained its percentage weight above 90 %, then a more
rapid weight loss began at 489 °C until most of the carbon is burnt off to 0.8 % at 819 °C. A
similar pattern occurred with the double-shelled (DS) carbon with an initial decomposition at
185 °C and a moderate weight loss beginning at 513 °C until a 6 % residual is left at 900 °C, the
residual could be due to some of the SiO, template not being etched out completely or the
presence of unburnt carbon. From the differential temperature gradient (DTG) profiles of both
materials, the degree of graphitization and presence of defects can be studied. The onset weight
losses are observed on each of the DTG profiles with the first small decomposition peaks of
103 °C (single-shelled) and 203 °C (double-shelled) which can be attributed to the burning of
amorphous carbon or oxidation of carbon-to-carbon dioxide. The second trough for the DS is
seen at 714 °C which could be due to the decomposition of graphitic carbon, due to the burning
of the graphitic layer of the first shell and the amorphous layer of the second shell, the third
trough was observed at 837 °C which could be due to the graphitic flakes of the second shell.
The second trough observed for the SS carbon and is due to the graphitic carbon [41].
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Figure 3.15: (a) Thermograms and (b) corresponding derivative profiles of unannealed

single and double-shelled mesoporous hollow carbon spheres.

The TGA profiles of the annealed SS and DS carbon both showed weight maintenance at 100
% until the onset combustion at 528 °C (SS) and 520 °C (DS). Complete decomposition to 0 %
occurred at 795 °C for the single-shelled carbon and its DTG profile showed a sharper single
decomposition trough at 670 °C which corresponds to a more pure and uniform carbon material
[26]. Gradual decomposition occurred for the DS carbon until 900 °C was reached and a 3 %

residual was left, the DS DTG profile showed two decomposition troughs with the first being
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attributed to the amorphous nature of the carbon owing to the sp* hybridized carbons and the
second due to the combustion of graphitic carbon. Another reason for the two decomposition
troughs present could be attributed to the multi-layer nature of the material as the outer layer
combusts first followed by the inner layer. Thermal stability of single-shelled carbon increased
from 489 °C to 528 °C, this was due to the annealing of the carbon material which was done to
produce purer HCSs. For the double-shelled carbon, a slight decrease in thermal stability was
noted which could be due to the introduction of more defects in the carbon framework [42].
This was further corroborated by the Raman data as the DS carbon material was also found to
contain more defects compared to the SS carbon. Given that both the TGA and DTG profiles
of the DS carbon materials did not reach endset temperatures it can be proposed that the
complete combustion temperatures were not reached due to the parameters used therefore a

final temperature greater than 900 °C could be implemented to give a broader overview.
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Figure 3.16: a) Thermograms and (b) corresponding derivative profiles of annealed single

and double-shelled mesoporous hollow carbon spheres.

3.3.3 Properties of double-shelled and single-shelled mesoporous hollow carbon

spheres after nitrogen doping.

3.3.3.1 BET surface area analysis of N-doped doped single and double-shelled
mesoporous hollow carbon spheres

The main aim of annealing and doping the as-synthesized hollow carbon spheres was to
improve the materials’ surface area and electrocatalytic activity. The data in Table 3.4 shows

that improvements on the surface area were made after annealing and doping. There was an
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increase in surface area for each of the materials after annealing, the single-shelled HCSs
surface area increased from 822 m?g™! to 832 m?g™!, and the double-shelled HCSs from 4.6 m?g”
'to 17 m*g’!. Doping the materials also resulted in surface area increases. This observation has
been made by other researchers such as Ganesan ef al. who found that post doping by heat
treatment of ordered carbon materials with nitrogen increased the specific surface area of the

porous carbon [43].

Using ammonia as a nitrogen source resulted in an increase of the surface area for both the
carbon materials. When acetonitrile was used as the nitrogen source the surface areas increased
but not as significantly as when ammonia was used and this suggests that ammonia is the better
nitrogen dopant. The reason for this could be attributed to the pyrolysis of acetonitrile at high
temperatures during the post doping reaction. Acetonitrile breaks down to give hydrogen
cyanide (HCN) and other free radicals. Hydrogen cyanide then further decomposes to give
nitrogen that is incorporated in the carbon framework [44], [45]. This long process could have
resulted in less doping, therefore, resulting in less nitrogen incorporation and a lower surface
area [26]. Metcalfe et al. also found that at temperatures lower than 1000 °C, a reduced yield
of HCN is produced due to nitrogen-containing polymeric residue also being produced [46].
From the N> adsorption-desorption isotherm shown in Figure 3.17, only the single-shelled
ammonia doped hollow carbon spheres exhibited a type (I) adsorption isotherm suggesting that
it possessed mesoporous characteristics. This is confirmed further with the data in Table 3.4

which shows that the material has the highest surface area among the nitrogen doped materials.
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Figure 3.17: BET surface area analysis of nitrogen-doped mesoporous hollow carbon

spheres.
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Table 3.4: Pore volumes, BET surface areas, and pore sizes of single and double-shelled mesoporous hollow carbon spheres.

Sample BET surface area Pore Volume Pore Size
(m’g™) (cm¥/g) (nm)

Single-shelled unannealed 823 0.89 0.4
Single-shelled 832 1.12 4.3
Single-shelled ammonia doped 656 0.31 6.3
Single-shelled acetonitrile doped 117 0.23 7.7
Double-shelled unannealed 4.6 0.11 90.8
Double-Shelled 17 0.17 39.1
Double-shelled ammonia doped 23 0.07 11.7
Double-shelled acetonitrile doped 21 0.18 35.5
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3.3.3.2 Elemental analysis of doped single and double-shelled mesoporous hollow
carbon spheres

To quantify the total carbon and nitrogen content of the doped carbon materials, CHNS
elemental analysis was used. From the data in Table 3.5, all the nitrogen-doped materials
showed that nitrogen is present; however, the single-shelled hollow carbon spheres were found
to have higher nitrogen content. The low nitrogen content in double-shelled hollow carbon
spheres might be due to the lower surface area found in the DS materials (Table 3.4) given the

lower number of active sites for carbon to react with nitrogen.
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Table 3.5: Elemental nitrogen content of doped single and double-shelled mesoporous hollow carbon spheres.

Sample Elemental Analysis (wt%)
Carbon Hydrogen Nitrogen

Single-shelled 93.42 0.36 -
Single-shelled Ammonia Doped 90.31 0.45 1.78
Single-shelled Acetonitrile Doped 90.83 0.27 1.36

Double-Shelled 95.37 1.16 -
Double-Shelled Ammonia Doped 95.52 0.18 0.56
Double-Shelled Acetonitrile Doped 95.18 0.19 0.82
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3.3.3.3 Elemental composition analysis of doped single-shelled mesoporous hollow
carbon spheres

To analyze the chemical states and surface elements of the as-synthesized mesoporous hollow
carbon spheres, XPS was used. The introduction of N atoms into the synthesized material led
to a variety of surface N groups that are bonded to the carbon network by either three or two
bonds. The N configurations were divided into two peaks located at 398.2 eV and 400.9 eV
these were denoted pyrrolic N and pyridinic N species. Pyrrolic N is present where the N atom
is connected to two carbons and one hydrogen (H) in a five-membered ring whereas the
pyridinic N is denoted when a nitrogen atom has sp? hybridization with two carbon atoms [46].
The process of incorporating nitrogen species into carbon materials entails the substitution of
some carbon atoms located on the reactive edge with nitrogen atoms from the NH3 (or CH3CN)
used as the nitrogen precursor. These reactions result in the elimination of some carbon atoms,
therefore, increase the surface area and porosity of the material as is corroborated by the BET
results (Table 3.4) that show an increase in surface area after doping. The higher percentage
of N is attributed to the pyridinic N and since good electrocatalytic properties are observed
when there is a high atomic concentration of pyridinic and pyrrolic N [47] the presence of these
nitrogen atoms in the synthesized material suggests that it would be a useful counter electrode

(CE) material.

From the results obtained its appears that the SS mesoporous hollow carbon spheres mainly
consisted of carbon (C) at 89.9 %, oxygen (O) at 4 %, and nitrogen (N) at 6 %. Carbon XPS
spectra (Cls) was curve-fitted into five individual peaks: C-O at 285.8 eV, C=0 at 288 eV, O-
C=0 at 289.5 eV, and graphitic carbons C-C with sp? hybridization at 284.2 eV and; sp’
hybridized at 285 eV. The O 1s was deconvoluted into two peaks at 531.8 eV (C-O) and 533.2
eV (C=0). These results show that graphitic carbon is present on the surface of the mesoporous
SS HCS’s with relatively small amounts of CO and COO" present which could be due to the
chemically oxidized carbon materials [48]. Furthermore post doping of carbon materials alters
the sp®/sp*ratios and in the doped synthesized material, a higher percentage of sp? hybridization

is noted which can be attributed to the formation of CN bonds [42].
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Figure 3.18: (a) XPS survey spectrum of N-doped single-shelled HCS and (b)-(d) high-

resolution spectra of nitrogen, carbon, and oxygen, respectively.

Table 3.6: XPS data of N-doped single-shelled mesoporous hollow carbon spheres.

Elements Atomic %  Peak Binding Assignments Assignment %
Energy (eV)

C 89.9 284.2 C-C (sp?) 36.2
284.8 C-C (sp”) 27.8
285.8 C-0 22
287.5 Cc=0 2.2
288.8 0-C=0 2.6

N 6 398.2 Pyrrolic N 1.7
400.9 Pyridinic N 3.1

0] 4 531.8 C-O 2.1
533.2 Cc=0 2.4
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3.4 Conclusion

From this study, we can conclude that the hard templating method is ideal for the synthesis of
hollow carbon spheres as the spherical shape was maintained even when the silica spheres were
altered to create a mesoporous layer for the synthesis of mesoporous hollow carbon spheres.
The porous nature for the SS carbon was more than that of the DS carbon and this could be due
to the pore-forming agent used, suggesting that the Ci3 TMS produces materials with a higher
surface area compared to CTAB. The very low surface area of the DS carbon can also be
ascribed to the incomplete removal of SiO», therefore etching could be carried out for more
than 24 h. The presence of SiO> in DS is also noted in the TGA data obtained. Toluene was
found to be a better carbon source as it was able to better penetrate the mesochannels of the
silica templates and produce carbon that had a higher surface area. Given that both the single
and double-shelled mesoporous hollow carbon spheres were both carbonized with toluene, it
was concluded that the single-shelled carbon exhibited better characteristics such as their
graphitic nature and high surface area for the occurrence of the electrocatalytic activity.
Annealing and post-synthesis nitrogen doping of the synthesized materials enhanced their
thermal stability and electrochemical properties. Moreover, the annealed, toluene carbonized
single-shelled mesoporous hollow carbon spheres were found to have the best characteristics

of a counter electrode material.
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Chapter 4

Colloidal synthesis and characterization of copper sulfide

nanoparticles

4.1 Introduction

Materials with exceptional properties have constantly attracted attention as possible
replacements for platinum-group metals (PGM’s) and other expensive materials that are
currently being used in renewable energy sources. Transition metal chalcogenides (TMCs) and
their infinite number of configurations are a part of these materials as they exhibit unique
chemical, optical and electronic properties [1], [2] making them great candidates for usage in
solar cells, supercapacitors as well as in hydrogen evolution reactions [3]-[5]. Bulk and
nanostructured TMCs have been researched due to their stability, indirect bandgaps, and
optoelectronic behaviour. However, nanostructures (NSs) have shown stronger edge effects
and this is due to the quantum confinement effect which enables their use under solar simulated
light beams [6] an example of such nanostructures are metal sulfides. Given that some metal
sulfides such as pyrite (FeSz) and chalcocite (CuzS) are cheap and abundant as they can exist
as minerals in nature [7], [8] makes them viable substitutes for platinum in solar-harvesting
devices. The versatility of copper sulfides (CuxxS) and their tuneable thermal, optical and
electric properties make them important p-type semiconductors [9]. Copper sulfides exist in
different forms, from sulfur-rich (CuS) to copper-rich (CuzS), however, Cu,S has a mixture of

ionic and electronic copper making it a great candidate for optical materials [7].

Different synthesis pathways can be employed to obtain this group of nanostructured metal
chalcogenides, these include the vapour-phase approach, solid phase, liquid phase, and the two-
phase approach [10]. Generally, when synthesis aims to produce high-quality nanostructures
and have the ability to fine-tune their properties, then the liquid-phase approach is used [10],
[11]. The liquid phase approach is branched down into two further categories, the top-down
and bottom-up synthetic methods [12] Figure 4.1. Top-down synthesis involves the breaking

down of bulk material into nanostructures [ 13]. Bottom-up synthesis on the other hand involves
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the decomposition of precursors into monomers and as their concentrations reach
supersaturation levels, the monomers are consumed, and the growth of nanostructures begins
[14]. Between the two strategies, the bottom-up synthesis shows more promising results as it
allows for the synthesis of high-quality semiconducting nanostructures. Organic surfactants
enable surface stabilization of the nanostructures to obtain different shapes and sizes [14]. To
control the shapes and sizes of the products, different reaction parameters such as the chosen

precursors, temperature, reaction time, or surfactant choice and concentrations can be adjusted.
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Figure 4.1: Schematic diagram showing the synthesis sequences of the top-down and bottom-

up approaches [14].

The bottom-up, one-pot heat-up method can be used in the synthesis of copper sulfide
nanoparticles (NPs), this entails mixing the molecular precursors at low temperatures and then
heating them to the desired reaction temperature to assist with the nucleation reactions and
growth of NPs [15]. Metal chlorides and elemental sulfur are typically used in this method as
they are both cost-effective however the use of elemental sulfur produces poor quality metal
sulfides [16]. On the other hand 1-dodecanethiol (1-DDT) is a better sulfur precursor due to its
controlled decomposition throughout the reaction process [14]. Due to its low toxicity and
physicochemical properties 1-dodecanethiol (1-DDT) is one of the preferred sulfur sources, it
is made up of a linear hydrocarbon chain and a proton-containing -SH group [17]. The sulfur
element in 1-DDT is classified as a soft base S* and according to the hard, soft acid-base

(HSAB) theory, soft bases prefer binding to soft acids resulting in covalent bonding [18].
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Depending on the copper precursor used, different shapes and copper sulfide phases are
synthesized resulting in alteration of some of the properties of the material [19].

Given that the Cu" cation is classified as a soft acid, then according to the HSAB principle, it
will have a strong affinity towards the sulfur anion S* to produce copper sulfide. One of the
many used organic solvents in metal sulfide synthesis is oleylamine (C1sH37N), this is due to
its long linear carbon chain with C=C bonding in the center and an -NH3 group at one end. This
allows oleylamine (OLA) to behave as a surfactant, reducing solvent or capping agent during
synthesis. The role of oleylamine in this study is to act as a capping agent for colloidal stability

[20], [21].

In this research, the copper source was varied to study the changes in morphology and
properties of the resulting copper sulfide (Cu2xS) materials. To evaluate the growth mechanism
of the synthesized particles a time study was carried out. The particle size of the synthesized
nanostructures is also important and this attributes to some of the materials' characteristics and
possible uses. For the enhancement of composite reactions and light-harvesting properties, it
would be ideal for the particle sizes to be small as this would result in increased surface area
for increased interactions and reactivity [22]. Copper chloride (CuCl) and copper

acetylacetonate (Cu(CsH702)2) were used as copper sources.

4.2 Experimental

4.2.1 Starting materials

Copper(I) chloride (CuCl, >98%), copper(Il)acetylacetonate (Cu(acac)z, > 99.9%), oleylamine
(OLA, 70%), 1-dodecanethiol (CH3(CH2)11SH, >98%), chloroform (CHCI3) and ethanol
(EtOH, 96%) were purchase from were purchased from Sigma-Aldrich and there was no further

purification.

4.2.2 Colloidal synthesis of Cu.S

For the synthesis of Cuz.xS nanostructures, 2 mmol of CuCl or 1 mmol of Cu(acac), was added
to a three-neck round bottom flask, 15 mL of OLA and 5 ml of 1-DDT were added. The flask
was connected to a Schleck line, degassed using N> for 10 min, and heated under reflux to the
reaction temperature of 230 °C whilst stirring for 1 h. During heating, similar changes were

observed for both reactions. A colour change was observed, from a clear (CuCl) or a blue
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(Cu(acac)) solution to a yellow solution at 120-130 °C. The solution gradually darkened to
brown and then black at 210-230 °C this demonstrated the formation of CuxxS nanostructures.
To give a detailed analysis of the progressing reaction aliquots were taken at the early points
in the reaction (10 min). At the middle point of the overall reaction time (30 min) and the end
of the reaction (60 min). After the reaction time was reached the solution was naturally cooled
and chloroform was added to precipitate the particles. The samples were centrifuged at 8000
rpm for 10 min, washed with ethanol to remove any unreacted precursors, and dried at room

temperature.

Lo

Inlet

1

Water
Outlet

Cu-precursor
+OLA
+1-DDT

Heating Mantle +
Magnetic Stirrer

Figure 4.2: Simplified schematic diagram showing the synthesis sequence for Cu2xS

nanoparticles.

4.2.3 Characterization techniques

Morphology of the nanoparticles was analyzed using transition electron microscopy (TEM)
performed on FEI Technai T12 TEM microscope carried out at 120 kV acceleration voltage
beam spot size of 20-100 nm in TEM mode. Samples dispersed in ethanol, dropped onto the
aluminium stubs, and coated twice with gold-palladium were analyzed using scanning electron
microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDX) by a FEI Nova Nanolab
600 FIB/SEM equipped with an EDX detector. The structure and phases of the copper sulfide
particles were determined using the Bruker (D2-205530) diffractometer using secondary
graphite monochromated CuKo radiation (A 1.54184 A) at 30 kV/30 mA giving the powder x-

ray diffraction (PXRD) pattern of the material. For the absorption measurements, the
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synthesized nanoparticles were dissolved in ethanol, poured into quartz cuvettes, and analyzed

using the specord 50 AnalytikJena UV-vis spectrophotometer.

4.3 Results and discussion

4.3.1 Nanostructures resulting from Copper (I) chloride Cu-precursor

To study the morphology of the synthesized materials, TEM was used. The changes were
observed at different reaction times as depicted in the micrographs below, Figure 4.3. At 10
min amorphous cloud-like patches were observed with asymmetrically shaped particles within
them Figure 4.3(c). Layered sheets with sharp edges lined with small particles are observed at
30 min exhibiting a change in morphology from the amorphous material at 10 min Figure
4.3(d). When the reaction time was reached the synthesized materials change their shape from
semi-defined sheets to thin hexagonal plates with an average particle size of 478.5 nm. The
average sizes of the particles were obtained using the TEM micrographs. From the 10 min and
30 min reaction times, the averages sizes could not be obtained due to the aggregation and
amorphous qualities of the materials. At 60 min distinct morphology was shown, allowing for

the average size to be determined.
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Figure 4.3: Synthesized Cu2xS TEM micrographs at different reaction times (a) 10 min
(b) 30 min, and (c) 60 min. The particle size distribution for the synthesized particles at

60 min reaction time.
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The determination of the Cu,«S phase that was synthesized using CuCl as a copper precursor
was done using PXRD. The progression of the experiment, the phase changes, and the
formation of the final products were analyzed using the X-ray diffraction obtained at the
different reaction times as shown in Figure 4.3. At the beginning of the reaction (10 min)
multiple peaks can be observed in the 20 region of 10° - 20° this can be attributed to the crystal
planes (040), (050), (060), (070), and (080) which represent the copper-(1-DDT) intermediate.
The successive order (0k0) where (k = 4-8) of the diffraction peaks represents the formation of
copper thiolate, [Cu(SCi2H»s)], this intermediate exhibits a layered structure of the Cu and S
atoms separated by dodecane chains [17], [23], [24] Figure 4.4.

An increase in the relative intensities of the PXRD diffraction peaks suggests a change in
crystal morphology [25]. This increase is observed in the 30 min diffraction pattern and can be
seen in more detail in Supplementary Fig. S4.1. The peak at 47° increases indicating that there
has been preferential growth of some crystal planes during synthesis. At this reaction time, the
(060) and (070) peaks are reduced suggesting that some of the copper thiolate intermediates
have decomposed. As the reaction progresses and temperature increases, the C-S bonds are
cleaved [26] leading to the formation of copper sulfide molecules. This is exhibited by the
reduction of the intermediate peaks in both the 30 min and 60min reaction time. At the end of
the reaction, the diffraction pattern at 60 min was indexed to cubic digenite (JCPDS 622980)
for the Cu, sS phase of copper sulfide. Peaks denoted (*) in both the 30 min and 60 min reaction
time were indexed to the orthorhombic djurleite Cui97S (PDF 00-020-0365). Although the
peaks at 30 min are less defined suggesting that as the reaction occurred and the intermediate
bonds were cleaved, the material became more copper-rich as the crystal grew from a cubic
phase to orthorhombic. This is corroborated in the TEM micrographs as edges are formed on
the amorphous material and some hexagonal material is also observed. At 60 min the djurleite
peaks are more pronounced as there is more crystal growth resulting in a mixed phase material.
This is also observed in the TEM micrographs as both thinly shaped hexagonal plates with

irregular sides are observed as well as some amorphous material.
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Figure 4.4: Powder X-ray diffractogram patterns for synthesized CuxxS particles at
different reactions times (10, 30, and 60 min) with the corresponding peak matching

PXRD spectra for Cui.97S and from the XRD database, Cui1.sS (JCPDS 622980).
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To study the optical properties of the copper sulfide particles suspended in ethanol, UV-vis
absorption spectroscopy was used. From the absorption spectra obtained for the 10 min and 30
min reaction times, there are broad shoulders observed at 430 nm — 641 nm and 375 nm — 734
nm respectively. An increase in absorbance from 0.185 to 0.200 for the 30 min reaction can be
attributed to monomer formation and crystal growth. Particles form as the large aggregated
intermediate concentration is consumed to produce copper sulfide nuclei. There are large
surface interactions and defects due to particle formation at 10 and 30 min. This will effectively
lead to the concentration of free holes reducing and a red shift is induced and slight peak
broadening [27], [28]. This is noted as the peaks broadened and shifted from 641 nm to 734
nm. From 30 min to 60 min the spectra show a reduced absorption shoulder of 400 nm — 539
nm, this could be explained using the plasmonic resonance effect. Plasmonic resonance is
generated when the incident light interacts with the electrons in the conduction band of the
metal nanoparticles [29]. Since the plasmon frequency is influenced by the size, shape, and
composition of nanomaterials [30], the different phases of CuxS will result in different
absorbance spectra. A high concentration of free holes due to Cu-deficiency will produce a
high plasmon frequency and increase the absorption band (Figure 4.6) [31] as observed in the
30 min and 60 min spectra. Digenite phase Cu; S is mostly present at 30 min therefore the
absorption is higher compared to the 60 min spectrum which shows reduced absorption as the

copper concentration increases and some of the copper-rich Cu;i.97S phases are identified.

To find the bandgaps of the synthesized materials Tauc plots were used. Copper sulfides are
classed as p-type semiconductors due to the cationic vacancies present in the lattice [29]. These
free holes determine the energy needed to excite an electron from the valence band to the
conduction band, this is defined as band energy [24]. From the Tauc plots Figure 4.5(b), the
band energies were 1.77 ¢V (10 min), 1.70 eV (30 min) and 1.50 eV (60 min). Bandgap is also
dependent on particle size and Cu-deficiency this can be observed in the obtained bandgaps.
Progressive growth of the nanostructures as more Cu monomers are deposited onto the surface
of the copper sulfide nuclei resulted in the bandgaps decreasing. An increase in size and a

decrease in Cu-deficiency results in a decreased band energy [17], [32].
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Figure 4.5: (a) UV-vis absorption spectra of synthesized Cu2xS particles at different

reaction times, using CuCl as a Cu precursor and (b) their corresponding Tauc plots.
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Figure 4.6: Near-infrared spectra of Cu2xS nanostructures, showing absorption energy

with relation to increasing copper deficiency [31].

Further analysis of the synthesized material was done using EDX to determine the elemental
composition of the material at 60 min and the corresponding SEM micrograph gave additional
information on morphology. SEM signal at around 1.5 keV represents a background signal due
to the aluminium (Al) sample stub, as a sample was dispersed in ethanol and deposited directly
onto the sample stub. From the SEM micrograph, cloud-like and flaky materials are observed,
this corroborates the TEM micrograph and PXRD pattern, as both showed the presence of two
different phases of copper sulfide materials. The flaky materials can be allocated to upright

thin hexagonal plates shown in Figure 4.3(c).
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Elemental analysis from the EDX spectrum displayed Cu, S, and CI element peaks. The
presence of halide ions such as chloride ions (CI") during nanoparticle synthesis can alter the
shape of the material [33], [27]. In this synthesis, CuCl was used as a copper source and its
dissociation resulted in Cl ions. An increase in Cl ions can reduce the structural quality of the

material as their presence affects the nucleation and growth mechanisms [34], [35].

Despite the weak binding energy between Cu and Cl, the chloride anions still have a strong
affinity for the copper ions. According to the reactivity trend of non-metals CI” ions are more
reactive than S* since they have higher electronegativity. The weak repulsion between the two
ions (Cl and Cu) leads to the Cl ions being adsorbed onto the nanoparticles, but they gradually
dissociate as the reaction progresses [36]. An increased concentration of the CI” ions leading to
their surface adsorption does not hinder the lateral growth of the particles [34]. This explains
the prolonged crystal formation and the thin nanosheets observed in the TEM micrographs at
30 mins. This is also denoted by Himstedt ef al. as they observed large amorphous crystalline
areas when the CI” concertation was high and the formation of crystalline particles when the
CI concentration decreased to 9 % during the formation of nickel sulfide nanoparticles [33].
Since the CI" ions eventually dissociate the thin hexagonal nanoplates are then observed later
on in the reaction. The formation of nanoplates in the presence of ClI" was also observed by

Tang et al. in the formation of CulnS; [37].
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Figure 4.7: EDX spectrum and corresponding SEM micrograph of synthesized Cu2xS at

60 min.

4.3.2 Nanostructures resulting from Copper (II) acetylacetonate

Heating Cu(acac)> in a mixture of DDT and OLA resulted in the formation of nanohexagons
as shown in TEM micrographs obtained (Figure 4.8). The observed morphology at 10 min
exhibits a crystalline area with small circular particles embedded on it. At 30 min both circular
and hexagonal nanoparticles are observed with an average size of 8.6 nm. When the reaction
time of 60 min was reached hexagonal nanoplates of different sizes are observed with an
average size of 30.4 nm. From the TEM micrograph in Figure 4.8, there are no different

morphologies of the as-synthesized Cux«S at the final reaction time.
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The different shapes can be attributed to the nanoplates being arranged in different orientations
on the grid, as some slide beside others creating a layered stack. Whilst some nanoplates are
arranged in an upright manner or at an angle on the grid. The growth pattern of the nanoplates
follows the expected nucleation and growth order. The dissociation of the Cu(acac) is a gradual
and constant process leading to small concentrations of copper being released regularly for
immediate intermediate reactions to occur. At high reaction temperatures, the copper thiolate
intermediates dissociate to produce monomers at high concentrations, encouraging a burst of
nucleation and fast growth. The relatively small concentration of monomers is depleted due to
the formation of nuclei. Leading to the small, monodispersed nanoparticles which are observed
at 30 min. At 10 min, the same is observed at smaller concentrations since the reactions are
beginning. As the reaction continues and Cu(acac), goes through further thermolysis, in situ
intermediates are formed leading to a lower nucleation rate whilst the monomer formation is
constant. This results in the sizes of the previously produced Cu,xS nanoparticles increasing
in size as fewer nuclei are formed under constant monomer supply [38], this is observed with

the increase in particle size from 8.6 nm in the 30 min sample to 30.4 nm in the 60 min sample.
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Figure 4.8: Synthesized Cu:xS TEM micrographs (a)-(c) and (d)-(e) particle size

distribution for particles at 30 and 60 min reaction time using Cu(acac): as a precursor.
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Figure 4.9: Particle size distribution for synthesized Cu2xS particles at 30 and 60 min

reaction time using Cu(acac): as a precursor.

Figure 4.10: TEM micrograph of different orientations for synthesized Cuz«S at 60 min

reaction time.

From the PXRD pattern obtained at different reaction times of the synthesized Cu2«S using
copper (II) acetylacetonate. At the beginning of the reaction (10 min), the copper sulfide was
indexed to the orthorhombic a-Cu,S (PDF 00-002-1286). The chalcocite phase of Cuy«S has
two polymorphs, a-CuxS which has low stability and poor crystallinity, this phase is low
chalcocite and can easily degrade to djurleite Cui.97S [39], [40]. At 30 min, a small (211) peak
is observed, indicating the formation of §-Cu,S and at 60 min the synthesized copper sulfide
is indexed to hexagonal chalcocite [-Cu,S (PDF 00-026-1116). This corroborates the

nanoparticle formation and growth stated for the change in morphology and particle size
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observed in the TEM micrographs Figure 4.8 and Figure 4.9 as the reaction progresses the
synthesized particles grow and change phases. The (102), (110), (103) and (004) peaks in the
20 region of 37°— 55 ° are observed at each reaction time indicating the formation of Cu.S.

More details are in Supplementary Fig. S4.2.
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Figure 4.11: Powder X-ray diffraction patterns for as-synthesized Cu2xS particles at
different reactions times and the corresponding peak matching PXRD spectra for a and

B CuzS.

91



To study the optical properties of the synthesized copper sulfide material, UV-vis was used.
The spectrum obtained for the 10 min sample lacks a sharp maximum, this could be attributed
to the different morphologies that are present due to intermediates, monomers, and some
copper sulfide nuclei as seen in the TEM micrographs. As the reaction continues weak and
broad shoulders are observed due to the formation and growth of the copper sulfide
nanoparticles. According to Goh et al. particle sizes affect the absorption spectrum, an increase
in size results in an increase in absorbance [41], this is seen in the absorption spectra obtained
for the different reaction times. At 10 min large crystalline areas are observed, at 30 min and
60 min the particle sizes increase from 8.6 nm to 30.4 nm and the absorbance also increases
from 0.165 to 0.184. A broad shoulder in the region 404 nm — 552 nm is observed for the 30
min reaction and 304 nm — 467 nm for the 60 min sample. The Mie theory states that the shape
and size of particles can influence the surface plasmonic resonance to give different peaks [29],

[42].

This also influences the bandgaps of the materials as shown in the Tauc plots Figure 4.12(b).
An inverse relationship exists between particle size and bandgap energy, an increase in energy
results from a decrease in size [43]. This is in agreement with the observations made from the
UV and Tauc plots Figure 4.12. At 30 min (8.6 nm) the energy is 1.98 eV and at 60 min (30.4
nm) the energy decreases to 1.70 eV. Semiconducting copper sulfide particles at 30 min exhibit
quantum size effect as the bandgap energy is high and the particle radius is small [44]. The
bandgap for Cu,S is also dependent on stoichiometry as the material becomes less degenerate
due to increased copper concentration as the CuxS particles grow from a-CuzS to f-CusS the

bandgap reduces.
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Figure 4.12: a) UV-Vis absorption spectra of synthesized CuzxS particles at different

reaction times, using Cu(acac): as a Cu precursor and (b) their corresponding Tauc plots.

To determine the elements present in the material and further analyze the morphology of the
synthesized particles, both SEM and EDX were used. The signal at around 1.5 keV represents
aluminium (Al) as a result of the sample holder used and because the synthesized samples were
dispersed in ethanol and deposited directly onto the sample stub. From the SEM micrograph,
small flaky-like materials are observed which could be a combination of the different
orientations of hexagonal nanoparticles such as the upright orientation observed in the TEM

micrographs Figure 4.8(c) and Figure 4.10. The EDX spectrum shows the presence of Cu and

S elements.
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Figure 4.13: EDX spectrum and corresponding SEM micrograph of synthesized CuzxS

at 60 min.

4.4 Comparison of the resulting Cu;«S nanostructures

The rate of reaction and morphology of the synthesized particles is dependent on the rate of
decomposition of the precursors and the intermediates but mostly the precursor atom to ligand
interaction. The energy required for the thermal decomposition of the copper sources is
dependent on their bond strength, CuCl is monodentate, and Cu(acac), is a chelating ligand
with formation enthalpies (AHr) of -138 KJ/mol [45] and -1323 KJ/mol [46] respectively.
Therefore, the decomposition of CuCl into Cu’ and CI” has a single-step process and requires
less energy compared to the three-step decomposition of Cu(acac). [Cu(acac), — Cu(acac) —
Cu**— Cu'] [47]. The rate of Cu* release will affect the concentration of the monomers present
in the reaction which will then influence the rate of nucleation and growth of the nanoparticles.
The higher the concentration of monomers the faster the nucleation process and the rate of
growth for the nanoparticles, a slow continuous release of monomers will result in a moderate

growth rate [38], [48].
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From the use of CuCl as the copper precursor we found that although the dissociation of the
CuCl bonding is faster and takes less energy, the presence of the halide ion (CI') in the reaction
solution inhibited the fast dissociation of the intermediate. This delayed the change in the
morphology and the formation of CusS particles due to the presence of the intermediates
observed at 10 min and 30 min reaction times. The affinity of Cl ions for Cu" and their
deposition on the copper sulfide nuclei resulted in only lateral growth of the nanoparticles
therefore thin and large particles were formed. Djurleite Cui97S and digenite Cu;sS phases
were found to be present at the final reaction time of 60 min. This might have been due to the
hindered growth resulting in fewer Cu monomers reacting with copper sulfide nuclei leading
to Cu deficiency. The stability of a reactant influences its reactivity since the acac™ ligand is
more stable it is less reactive compared to S*". The reaction between the Cu’ and S ions is
more favourable and has a lower AHr of -79.5 KJ/mol [49] in comparison to AHr of Cu(acac):

which is -1323 KJ/mol.

Therefore, there is less hindrance to the formation of copper sulfide particles when Cu(acac)>
is used as a copper source compared to when there is a halide ion (Cl) present. This is
corroborated by the PXRD patterns and TEM micrographs as the formation of CwS is
accomplished at lower reaction times and distinctive morphologies are observed when
Cu(acac), is used. The copper sulfide nanostructures synthesized using Cu(acac), did not
exhibit the intermediate peaks in the PXRD spectrums obtained and because there was no
hindrance from the presence of halide ions, the chalcocite phase Cu,S was formed at the
beginning of the reaction (10 min). However due to the energy required to break the Cu(acac):
bonds and decompose to give Cu" there is a slow and continued release of monomers that then
produce in-situ intermediates and results in the growth of some nuclei. The Cux«S particles
synthesized followed different growth patterns, CuCl followed Figure 4.14(a) and Cu(acac)»
followed Figure 4.14(b).
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Figure 4.14: Diagram illustrating different reaction systems when nucleation occurs (a)
at random and (b) all at once, and how the nuclei (°) grows with increased reaction time

[48].

Both reactions exhibited plasmonic resonance and the copper deficiencies affected the bandgap
energy. Copper-rich materials showed lower bandgap energies which increase when free
carriers are present due to copper deficiency Figure 4.15. According to literature, the bandgap
energy (Eg) of Cux«S varies from 1.2 eV to 2.53 eV depending on the copper vacancies [32].
The bandgap of CusS is 1.2 eV [50] and CuisS is 1.5 eV [51], other studies such as Quintana-
Ramirez et al. reported Cu; gS to be 1.6 eV and chalcocite (CuzS) as 1.87 eV. The nanoparticles
that were obtained at 60 min had bandgaps of 1.50 and 1.70 eV for CuCl and Cu(acac),
respectively. Both energies are in the expected bandgap range of 1.2 eV to 2.5 eV [32] for Cuo-
xS. There are slight differences between the values reported by Quintana-Ramirez and those
obtained in this research for Cu;gS and Cu,S. This might be due to differences in sizes of the
particles synthesized and the presence of different Cux«S phases. Smaller particles, 30.4 nm
from the Cu(acac); precursor have a large reactive surface area for reactions to occur [52]

compared to the large particles (478.5 nm) obtained from the CuCl copper precursor.
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Figure 4.15: Diagram showing the change in bandgap due to copper vacancies [17].
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4.5 Conclusion

In summary, copper sulfide particles were synthesized using one-pot synthesis, and differences
in morphology and optical properties were observed when reaction parameters such as time
and precursors were changed. The copper precursor parameter that was changed in this study
affected the nucleation and growth process of the copper sulfide particles. This resulted in
different phases, morphologies, and particle sizes of Cux«S being present at the end of the
reaction. The presence of the halide ion in CuCl affected the growth of the copper sulfide
particles by delaying the intermediate dissolution. Slow decomposition of Cu(acac), to Cu”
resulted in random nucleation and growth occurring as the reaction time progressed. The
different precursors both gave phase variations close to CuzS. The [-CuzS nanoparticles
synthesized using Cu(acac): as the copper precursor exhibited better characteristics, their small
particle size allows for better reactivity with other materials due to the larger surface area to
volume ratio. As such, they make good candidates in applications such as light-harvesting

devices.
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Chapter 5

Preparation, characterization, and analysis of the electrocatalytic

activity of N- HCS /Cu2S composites as CE material in DSSCs

5.1 Introduction

Cost-effectiveness, stability, and excellent application properties are some of the main qualities
that researchers and industries search for when developing materials for specific functions.
Composite materials involve the bridging of two or more materials with different or
complementary properties to enhance their functionality, making them a compelling area of
research for certain applications. To fine-tune the optoelectronic and catalytic properties of
materials for photovoltaic (PV) devices, composites exploring the interactions between
inorganic and organic components have been explored [1]. Inorganic materials such as
colloidal particles of minerals, metal ion/clusters, oxides, and sulfides can enhance the
mechanical, and thermal stability of a material, contribute to electrochemical properties or
provide an interconnected network for catalysis [2], [3]. Carbon allotropes offer low-cost
production, modification of mechanical strength, high surface areas, and improved
conductivity [4], [5]. The combination of these two material groups can be considered as new

material that exhibits different or a combination of both properties [6].

Carbon materials with inorganic semiconductors have shown an improvement in the overall
performance [4], optical and electrical properties [7] as well as good catalytic activity towards
the iodide/triiodide redox couple at the counter electrode (CE) in dye-sensitized solar cells [8],
[9]. Since the CE is one of the most significant components of the DSSC, given that the
reactions occurring at the CE determine the overall efficiency of the solar cell, the material
used has to show great electrocatalytic activity and high conductivity [10]. The CE catalyst in
a DSSC is used to regenerate I from I3™ and to collect electrons from the external circuit to the
electrolyte that is made up of I'/ Iy redox species dissolved in an organic liquid [11]. Platinum
(Pt) has been used as the CE material due to its good chemical stability, high catalytic
reduction, and great conductivity [12], [13] however, it is an expensive noble material. Kay et

al. found that Pt is easily oxidized to Ptls by the I3/ I~ electrolyte [ 14]. Therefore, researchers
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aim to find a viable alternative material that is easily available, low cost, and with better
stability, electrocatalytic, and conductivity properties.

The use of carbon materials will tremendously reduce the manufacturing costs of DSSCs as
carbon is cheaper to make compared to the cost of platinum. The great qualities that carbon
materials possess such as good catalytic activity, electrical conductivity, and high thermal
stability they are seen as possible alternatives [11], [15], [16]. Metal sulfides have also been
explored as CE materials as they are also low cost and earthly abundant, with corrosive
resistance, good catalytic behaviour, and stability [17]-[19]. In this work, we explore the
preparation of Pt-free composites of binary metal sulfide (Cu,S) and nitrogen-doped hollow
carbon spheres. The composite materials are expected to have corrosion resistance towards the
electrolyte and high reactivity for triiodide reaction from the carbon material [20]. The strong
resistivity to oxidation from the copper sulfide material will add to the durability and stability
of the composite materials [21]. The electrochemical reduction process of the synthesized
materials was analyzed using cyclic voltammetry (CV) [22]. For electrochemical reduction,
the material used is reduced via heterogeneous electron transfer from the electrically
conductive counter electrode. Using the potentiostat as a power source, voltage is applied to
the electrode to regulate the energy of the electrons. When the electrons are at a higher energy
compared to the lowest unoccupied molecular orbital (LUMO) of the material, an electron is
transferred [22]. In a three-electrode that consists of the working electrode (WE), counter
electrode (CE), and reference electrode (RE), the CV curves show the reduction and oxidation

peaks that correspond to the redox reaction equations of the electrolyte (Figure 5.1) [23], [24].

3— 1,7+ 2e 27— 31, + 2

Potential (V)

Current density (mA.cm?)

31, + 2e— 2l
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Figure 5.1 Diagram of a cyclic voltammetry plot, showing the redox reaction of the

triiodide/iodide electrolyte.

The working electrode will comprise of a spin-coated composite material on a thin film of
fluorine-doped tin oxide (FTO) coated glass substrate. Spin-coating was used as it uniformly
deposits the material on the conductive FTO glass through the use of centrifugal force [25], the
material ink is added to the center of the substrate and then spun at high speed. The ink spreads
evenly on the surface of the substrate whilst the solvent evaporates resulting in a film with the
desired thickness [26], [27]. In this study, the catalytic performances of the synthesized counter
electrode materials will be analyzed using the different electrochemical analysis techniques.
Electrochemical impedance spectroscopy (EIS) will be used to evaluate the kinetics of the
electrochemical processes and depict the ionic and electronic processes occurring at the
CE/electrolyte interface. The Tafel polarization measurement will be used to analyze the
interfacial charge-transfer properties of the counter electrode surfaces and the triiodide/iodide
electrolyte. Photocurrent-voltage measurements will be used to analyze the photovoltaic

properties of the fabricated DSSC devices.

5.2 Experimental

5.2.1 Materials

Ethanol (C2HsOH, 96%, Merck), Nafion™ (C7HF305S.C2F4, 5 wt%), lithium perchlorate
(LiCIO4, > 95.0%), lithium iodide (Lil, 99.9%), iodine (Lo, > 99%), acetonitrile (CoH3N, >
99.9%), and oleylamine (OLA, 70%) were purchased from Merk® and used without further

purification.

5.2.2 Preparation of N-HCS/CuzS composites

Different stoichiometric amounts of nitrogen-doped hollow carbon spheres (N-HCS) and
copper sulfide (CuzS) nanoparticles were used to synthesize the composites. For the 75 wt %
N-HCS: 25 wt % CuzS, 25 mg of CuzS was sonicated in 5 ml of OLA for 30 min. The solution
was then transferred to a three-neck round bottom flask containing 10 ml of OLA and 75 mg
of N-HCS was added, the mixture was stirred whilst degassing under nitrogen gas for 30 min
and heated at 100 °C for 30 min. The resulting particles were precipitated by centrifuging at
8000 rpm and washed with ethanol for 10 min. The same procedure was repeated for 50 wt%

N-HCS and 25 wt% N-HCS.
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5.2.3 Thin-film fabrication

For ink preparation, each of the composite materials were dispersed in a mixture of ethanol and
Nafion™ then sonicated for 30 min. The FTO glass substrates on which the ink was to be
deposited were cleaned by sonication first in a diluted detergent solution followed by rinsing
with deionized water and then with ethanol for 30 min. After drying, the substrate was fixed
onto the spinning plate of the Chemat Technology spin-coater KW-4A Coater. The ink was
spread evenly on the substrate by allowing it to disperse at low speed and then homogenizing
the coated ink at high speed. This evaporated the solvent and the films were left overnight in
an enclosed fumehood to dry thoroughly so that the ink adhered to the substrate.

5.2.4 Electrocatalytic activity

To prepare the triiodide/ iodide electrolyte; 0.05 g of I», 0.14 g of Lil, and 1.06 g of LiCIO4
were added to 20 mL of acetonitrile. The mixture was stirred until all the salts were dissolved
and stored in an amber bottle. The cell comprised of the electrolyte, the prepared CE thin film
as the working electrode, Ag/AgCl electrode was used as the reference electrode and for the
counter electrode, a platinum wire electrode was used as shown in Figure 5.2. To determine
the electrocatalytic activity of the materials, cyclic voltammetry curves were obtained using

the BASi Epsilon-E2 (1231) potentiostat software.

Pt wire

N-HCS/Cu,S
thin-film

:_.-
——

1

\'_I

\ N3

electrolyte
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Figure 5.2: Diagram illustrating the cell set-up for cyclic voltammetry analysis.

5.2.5 Dye-sensitized solar cell fabrication
A Pt counter electrode was sputter-coated onto a clean FTO glass substrate and used to compare
with the counter electrodes of the synthesized materials. The CEs of the synthesized materials

were prepared as stated in section 5.2.3.

5.2.5.1 Photoanode fabrication

The doctor-blade technique was employed to print TiO2 on a clean FTO glass. The films were
then annealed at 350 °C for 30 min. The heat treatment was used to remove any residual organic
components and to increase adhesion between the TiO; and the N-719 dye. For TiO> film
sensitization, the dye was dispersed in methanol (3 x 10* M). The films were immersed in the

dye solution for 10 s and then left overnight to dry under dark, ambient conditions.

5.2.5.2 Device assembly

The photoanode was placed on a clean flat surface, with the active layer facing upwards. The
counter electrode was then placed on top of the photoanode with the active layer facing down.
The two opposing FTO glass substrates were offset from one another and the Whatman filter
paper was placed in-between to define the active area. The redox electrolyte solution is
composed of 0.1 M lithium iodide, 0.05 M iodine, 0.1 M sodium iodide, 0.1 M potassium
iodide, and 0.5 M 4-tert-butylpyridine, was dropped on the Whatman filter paper. The
electrolyte was absorbed by the filter paper and drawn into the active area between the
electrodes via capillary action. The assembled device was held together using foldback clips
on either side of the device to create an even distribution A schematic illustration of the

assembled device is depicted in Figure 5.3.
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Figure 5.3: Structure of an assembled DSSC for current-voltage analysis of solar cell.

5.2.5 Characterization techniques

The morphology of the N-HCS/CuxS composites was evaluated using TEM and SEM
performed on FEI Technai T12 TEM and using FEI Nova Nanolab 600 SEM respectively.
Bonding modes of the composites were evaluated using XPS (X-ray photoelectron
spectroscopy) analysis. Cyclic voltammetry curves for the electrocatalysis of the composites
were carried out on the BASi epsilon E2 (1231) potentiostat at scan rates ranging from 25 mV/s
to 100 mV/s. Electrochemical impedance spectroscopy (EIS) analysis was carried out in the
dark and the measurements were obtained using a symmetrical cell 7 with two identical
electrodes in the redox electrolyte used for DSSCs. Different open-circuit potentials for each
CE material were used and the electrodes were analyzed between 100 kHz and 100 MHz. Tafel
polarization analysis was conducted at a potential window of -1.5 to 1.5 V with a scan rate of
100 mVs™!'. To evaluate the fabricated DSSC devices, current-voltage (I-V) characteristic
curves of the DSCCs were measured in ambient conditions using the HP 4141B source measure

unit (SMU) under controlled illumination of 100 mW.cm? (AM 1.5G).

5.3 Results and discussion

5.3.1 Morphology and structural properties of the composites
From the TEM and SEM micrographs obtained (Figure 5.4) for the 25 wt%, 50 wt%, and 75
wt% N-HCS, the morphology of the composite materials was analyzed. For the 25 wt% N-
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HCS, cloud-like layers of the Cu,S nanoparticles were observed covering the surface of the
doped hollow carbon spheres as shown in Figure 5.4(a). At 50:50 (50 wt%) more copper
sulfide particles were observed on the carbon shells compared to the 75 wt% N-HCS
composite. The CuxS nanoparticles were distributed on the surfaces of the carbon shells and

the inside of the broken hollow carbon shells.

Figure 5.4: TEM micrographs of (a) 25 wt% N-HCS, (¢) 50 wt% N-HCS and (e) 75 wt%
N-HCS with their corresponding SEM micrographs (b, d, and f).
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To analyze the composition of the synthesized composite materials, XPS was used. The spectra
obtained for all the varied compositions of carbon and copper sulfide nanoparticles showed the
presence of Cu, S, C, and O. The composite materials were synthesized with nitrogen-doped
hollow carbon spheres and copper sulfide nanoparticles. However, the N 1s XPS spectrum was
not obtained when analyzing the surface composition of the catalyst, this could be due to
several factors. The presence of nitrogen defect sites increases the implantation of the transition
metal sulfide particles [28], since Cu’ has strong cation -m bonding capabilities [29] an
interaction occurs between the positively charged cation (Cu') and the negatively charged
cloud of 7 systems from the closest pyrrolic or pyridinic nitrogen defects [30], [31]. Bulushev
et al. found that nitrogen doping of mesoporous carbon led to strong interaction with copper
species, stabilizing them to form nanoclusters [32], [33]. The Cu atoms coordinated more
strongly to the pyrrolic and pyridinic nitrogen atoms present on the edge sites of carbon
compared to graphitic-N and given that the N-HCS (Chapter 3) exhibited only pyrrolic-N and
pyridinic-N in the carbon framework it would suggest that all the nitrogen sites are coordinated
to the Cu species. A decrease in the nitrogen XPS signal due to the absorption of copper species

through the cation - bonding mechanism was also observed by Yu et al. [34].

XPS is a surface-sensitive technique that has an average analysis depth of 5 nm. The average
thickness of the synthesized copper sulfide nanoparticles was found to be 5.98 nm. An
oxidation layer is present on the surface of the material; this is confirmed by the O s spectrum.
Therefore, nitrogen sites coordinated to the Cu,S species are present in the deeper layers of the
material resulting in the absence of the nitrogen XPS signal (Figure 5.5). The increase in
surface concentrations of other elements such Cu, S, and O decreases the concentration of the
nitrogen signal. This is due to the material having a layered structure as more elements are
added (Figure 5.6). Another factor could be due to the high temperature used during composite
preparations, the copper sulfide particles could merge into larger particles forming nanoclusters
[35]. The Cu-Cu bonds and polysulfide species observed in the Cu 2p and S 2p XPS spectra
suggests the formation of copper sulfide clusters [36], [37], this is also observed in the TEM
micrographs obtained as a cloud-like layer is observed on the surface of the N-HCS (Figure

5.4(b)).
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Figure 5.5: XPS survey spectrum for the 75 wt% N- HCS composite.

Figure 5.6: Schematic diagram showing the layering of elements in the composite material.

The C 1s, O 1s, Cu 2p, and S 2p XPS spectra are shown in Figure 5.7. The Cu 2p core level
splits into 2 peaks, with the Cu 2p3 peak at 932.2 eV and the Cu 2pi1» peak at 951.8 eV. The
Cu 2p1» peak corresponds to Cu” and Cu® [38] and the peak at 932.2 eV is associated with
Cu(I) in CuzS, Cu0, and Cu-Cu [39], [40]. There is no satellite peak present in between the
two Cu 2p peaks indicating the absence of Cu?* [41]. The S 2p spectra shows S 2p3» (161.3
eV) and S 2p12(162.4 eV) peaks indicating the chemical binding state of CuxS [42], [43], with
the 161.3 eV peak ascribed to S** species [44]. Each of the S 2ps» and S 2p1,2 peaks splits into
doublets, the low binding energy (BE) peaks are due to sulfide atoms that are present in the
bulk of the CuxS material and the high energy BE is due to surface sulfide atoms and
polysulfide species which can be attributed to CusS clusters [45]. The C 1s spectrum shows the
C-C peak at 284.3 eV which corresponds to the carbon bonds present in the framework of the
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hollow carbon spheres, the C-O and O-C=0 peaks at 286.1 eV and 288.4 eV respectively can
be assigned to the carboxylic groups of oleylamine or the oxidation layer present on the surface
of the carbon [46]. The O 1s spectrum was deconvoluted into three peaks, C-O, C=0, and the
metal oxide (CuxO) peaks which were observed at 531.5 eV, 533.2 eV, and 529.5 eV
respectively. These groups represent the oxygen atoms present in hydroxyl and carboxylate
groups which are present on the edges of carbon frameworks [47]. From the Cls spectra

obtained there are no C-S or C=S bonds present suggesting that the sulfide atoms are not

bonded to carbon to form the composite materials.
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Figure 5.7: High resolution XPS spectra of (a) C 1s, (b) O 1s, (¢c) Cu 2p and (d) S 2p for
the 75 wt% N-HCS composite.

The presence of each element varied according to the percentage compositions of each
composite (Table 5.1). C was be attributed to carbon from the hollow carbon spheres, O was
due to the oxidation of carbon and copper (Cu20) as well as the layer of oxygen present on the

surface of the composite. The Cu and S spectra were attributed to the copper sulfide

nanoparticles.
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Table 5.1: Summary of the atomic composition stoichiometric assignments obtained from the fitting of the XPS spectra reported in Fig.

5.3 for the 75 wt%, 50 wt%, and 25 wt% N-HCS composites.

Sample Elements Atomic % Peak Binding Energy (eV) Assignments Assignment %
C 75.5 2843 C-C 69.8
286.1 C-0 4.4
288.4 0-C=0 1.3
75 wt% N-HCS Cu 14 9323 (CuS, CusS, Cuz0, Cu-Cu) 123
956.3 Cu 2p 1.7
o 33 531.5 C-0 2.1
5332 C=0 0.8
529.5 M-O 0.1
S 7.3 161.2 S 2ps2 (Sulfide) 4
161.9 S 2p12 (Sulfide) 4.2
C 58.5 284.,5 C-C 56
286,1 C-0 34
50 wt% N-HCS 288,7 0-C=0 1,1
Cu 23.7 9323 (CuS, CusS, Cu,0, Cu-Cu) 20.3
O 32 533 C-0 5,3
529,5 C=0 1
161,3 M-O 0,2
S 14.6 161,9 S 2ps2 (Sulfide) 6.5
284,5 S 2p12 (Sulfide) 6.2
C 27.3 2844 C-C 28.6
286,1 C-0 33
288,4 0-C=0 1.1
25 wt% N-HCS Cu 932,3
42.4 (CuS, CusS, Cu,0, Cu-Cu) 37.2
o 3.1 5314 C-0 6,1
532,8 C=0 1,1
529,9 M-O 0,6
S 272 161,2 S 2ps2 (Sulfide) 5,7
161,8 S 2ps,2 (Sulfide) 53
162,5 S 2p12 (Sulfide) 5,7
163 S 2p1/2 (Sulﬁde) 5,3
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5.3.2 Electrocatalytic activity of the Counter electrode composite materials

5.3.2.1 Cyclic voltammetry and capacitive current

To investigate the stability and electrochemical catalytic properties of the synthesized materials
and different composites, cyclic voltammetry (CV) was used. The reduction of the
I3/ I redox couple was measured using different scan rates of 100, 75, 50, and 25 mV/s. The
stability of prepared composites, CuxS, N-HCS, and Pt as counter electrodes in the
iodide/triiodide electrolyte was analyzed by performing ten scans for each material. Pt was
used as the control sample and two pairs of the oxidation and reduction peaks were observed.
The top and bottom left-hand side peaks of the CV plots represent the redox reaction of I3/ I~
which influences the photovoltaic performance of DSSCs as the reduction of the electrolyte
correlates to the catalytic ability of the CE materials [5], [48]. Peaks on the right-hand side
represent the redox reaction of 15/ 1, [49], [50], this reaction has very little effect on the
performance of DSSCs therefore the left-side peaks of the CV curves of each material were
studied. The Pt anodic peaks were found at 0.42 V and 0.90 V, reduction peaks at 0.18 V and
0.75 V and the peak separation between the left anodic and cathodic peaks (AEy) is 240 mV
(Figure 5.8). The Pt counter electrode showed electrochemical stability and reproducibility for
the scan rates used, as the CV curves were not distorted regardless of the number of scans or

scan rate used.

The current density decreases as the scan rate also decreases and the left side reduction peak
shifts to the right from 0.18 V to 0.21 V as the scan rate decreases, the peaks positive shift
suggests that the reduction reaction occurs at lower potentials when the scan rate is low. Scan
rate is an important parameter as high scan rates lead to the reduction of the diffusion layer
therefore higher currents are detected. In reversible electron transfer reactions involving the
redox elements that diffuse freely, the Randles—Sevcik equation states that there is a positive

correlation between the peak current (i,,) and the square root of scan rate v (Equation. 1) [22].

The number of electrons transferred during the redox reaction is denoted by n, surface area (A)
of the electrode, D, is the diffusion coefficient of the oxidized electrolyte, and C° is the bulk

concentration of the analyte [51].

1/2

nkF vDO)

ip, = 0.446 nFAC® ( RT

(1)
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From the equation, we can determine if there is electrochemical reversibility of the electron
transfer process if peak-to-peak separation changes with scan rate. Comparing the CunS
(Figure 5.8(b)) and N-HCS (Figure 5.8(c)) counter electrodes. The current densities of N-
HCS increase with an increase in scan rate. At 100 mV/s N-HCS has a lower current density
(Jreq — left-side) of 0.017 A/cm* compared to 11.732 A/em? for CuaS. Also, its AE,, is lower
(275 mV) than that of N-HCS (564 mV). Peak-to-peak separation is another parameter that can
be used to evaluate the catalytic activity of the CE material since AE,, has a negative correlation
with the electrochemical rate constant for the redox reactions, this can be used to analyze the
reversibility of the electrolyte redox processes [52], [53]. The electrocatalytic performance of
the CE material is better at lower AE,, values [54], therefore an ideal material would have a
high current density for reduction peak [50], [55], and a low AE,, value. At 100 mV/s Cu2S CE
shows great electrocatalytic activity for the reduction of I3, as the scan rates decrease the CV
curves degrade. Insufficient redox reactions of the electrolyte occur as the CV curves do not
exhibit the oxidation-reduction peak pairs, only the oxidation peaks are observed. Therefore,
N-HCS shows better reproducibility and stability as the CV curves do not distort. Chung et al.
found that compared to Cu-deficient CEs, the Cu-rich CEs are unstable as they are easily
oxidized due to the oxygen layer present on the surface [56], [57]. The stability of N-HCS-CE
and the good electrocatalytic properties found at 100 mV/s for Cu,S, validates that the

preparation of a composite with these two materials could produce an ideal CE material.
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Figure 5.8: Cyclic voltammograms for (a) Pt-CE, (b) Cu2S (¢) N-HCS, (d) 75wt% N-HCS,
(e) S0wt% N-HCS and (f) 25 wt% N-HCS counter electrode at various scan rate after 10

scans.

This research aimed to prepare a N-HCS/CuxS composite that could substitute the Pt-CE in
DSSCs. From the CV curves obtained 75 wt% N-HCS composite has a peak current density
Jrea (left-side) that was found to be 11.850 A/cm? with a AE,value of 418 mV, 50 wt% N-HCS
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composite has 13.816 A/cm? with a AE, value of 617 mV and 25 wt% N-HCS composite has
12.903 A/cm? with AE, 186 mV (Table 5.2). All composites (Figure 5.8) exhibited high peak
current densities J,.q4 (left-side) compared to Pt-CE (2.310 A/cm?) and N-HCS (0.017 A/cm?).
Suggesting that the incorporation of CuzS to N-HCS enhanced the electrocatalytic activity of
the CE material producing material that has a better ability to reduce the triiodide/iodide
electrolyte compared to Pt-CE. Analyzing the AE}, and CV curves of the composites, 25 wt%
N-HCS composite showed a lower AE,, value than Pt (240 mV) suggesting that it has a better
electrocatalytic ability between the composites. Since it has a high current peak density and
low AE), value, it is a suitable candidate to substitute Pt as a CE in DSSC, this is due to the
properties of both N-HCS and CuzS (Chapter 3 and 4).

The doped hollow carbon spheres incorporation produced CV plots with defined redox peaks
at different scan rates, CuxS nanoparticles reduced the peak-to-peak separation and increased
the peak density of N-HCS. However, the CV curves show that the material is unstable after
10 scans, at low scan rates. Some of the peaks diminish at lower scan rates, therefore, reducing
the redox ability of the material. Using the CV data obtained, the capacitive current densities
for the composites, Pt, CuS, and N-HCS were plotted against the square root of scan rate to
determine their relationships. As the scan rate increased the current densities increased, with
75 wt% N-HCS exhibiting the highest capacitive current and Pt had the lowest. The synthesized
CE materials (N-HCS and Cu>S) and their composites all exhibit high electrochemical double
layer capacitive current (Figure 5.9) suggesting that they have high electrocatalytic surface
active. The incorporation of Cu,S nanoparticles with N-HCS increased its capacitive current
making it a better CE material. Given that 25 wt% N-HCS has a high current peak density,

low AE, value, and high electrochemical double layer capacitive current compared to Pt

suggests that it is the better performing composite.
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Figure 5.9: Capacitive current versus scan rate for the prepared composites, Pt, CuzS,

and N-HCS electrocatalysts.

Table 5.2: Summary of composites and Pt CE current densities and their peak-to-peak

separations.
Sample Current Density (J,.q) Peak to Peak separation (AE))
(A/ecm?) (mV)
Pt 2.310 240
75 wt % N-HCS Composite 11.850 418
50 wt% N-HCS Composite 13.816 617
25 wt % N-HCS Composite 12.903 186

Electrochemical impedance spectroscopy was used to assess the ability of the CE materials to
transfer charge to the triiodide electrolyte. The Nyquist plots of Pt, N-HCS, Cu,S, 75 wt% N-
HCS, 50 wt% N-HCS, and 25 wt% N-HCS and their equivalent circuit is shown in Figure
5.10. The circuit shows four main components, series resistance R, charge transfer resistance
R.: at the electrolyte/CE interface, Warburg impedance Z,, which is used to assess the
impedance of the triiodide/iodide couple in the electrolyte, and the double layer capacitance
C4; which represents the charge storage capacities of the CE materials. Warburg impedance is

found in the low-frequency region and represented by the line that is at a 45° to the Nyquist
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semicircle. The crucial parameters that represent the electrocatalytic activity of the CE
materials are Rg and R.;. From the data shown in Table 5.3 75 wt% N-HCS has the lowest R,
therefore, it adheres better to the conductive fluorine-doped tin oxide (FTO) substrate
compared to the other materials. The lower the R; the better the electrocatalytic activity, from
the data obtained 75 wt % N-HCS composite (29 (1) has better catalytic activity and CuzS
(6007Q) has the lowest catalytic activity (181 (). The electrocatalytic activity trend obtained
from the results is 75 wt% N-HCS > N-HCS > 50 wt% N-HCS > Pt > 25 wt% N-HCS > Cu:S.
The materials with high carbon content and therefore, higher nitrogen doping (75 wt% N-HCS,
N-HCS, 50 wt% N-HCS) exhibited the lowest the R.; values. This can be attributed to the

nitrogen and carbon content improving the electrical conductivity [58], [59].

The N-HCS Nyquist plot shows a semicircle with a low R, the small diameter can be ascribed
to porous carbon shell and the presence of nitrogen. These characteristics improve the charge
at the interfaces and enhance the electrical conductivity of the material. This is confirmed by
the work done by Xu et al. who noted changes in Nyquist plots diameter due to the porous
nature and nitrogen doping of the HCSs [59]. The 50 wt% N-HCS Nyquist plot shows a spike
in the low-frequency region and a depressed semicircle, this is related to the charge transfer
resistance and the double layer capacitance at the CE/electrolyte interface [58], [60]-[62]. The
inclined line exhibited in the 75 wt% N-HCS Nyquist plot in the low-frequency region, can be
related to the Warburg resistance (Z,,) [63].
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Figure 5.10: Nyquist plots of EIS for the symmetric cells with their electrochemical
equivalent circuit for Pt, CuzS, N-HCS, 75 wt% N-HCS, 50 wt% N-HCS, and 25 wt% N-
HCS.
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The Tafel polarization curves (Figure 5.11) were analyzed to determine the ability of the CE
materials to reduce I3 to ™. Catalytic activities of the CEs are dependent on the exchange
current density (J,) and limiting diffusion current (J;;,,,). Jo increases as the slope of the anodic
and cathodic current increases suggesting good electrocatalytic activity at high J, values. A
high diffusion of ions onto the CE materials suggest better catalytic ability of the materials. R,
and J, are inversely proportional. Therefore, a CE material that has a high J, value, high J;;;,
and low R.; exhibits better electrocatalytic performance. The 75 wt% N-HCS composite has
the highest J;;;, and the least negative J, therefore it has the better electrocatalytic activity. The
trend for the electrocatalytic performance according to the J, values, follows the same trend as
the EIS results. The 75 wt% N-HCS composite is the better performing electrocatalyst and
CusS is the lowest. However, the trend changes slight for J;;,,, as depicted in (Table 5.3), the
order is as follows 75 wt% N-HCS > Pt > 50 wt% N-HCS > N-HCS > 25 wt% N-HCS > CuzS.
Although 75 wt% N-HCS still exhibits better ion diffusion and Cu,S has the lowest diffusion
coefficient. The results for J;;;,, show that Pt has better ion adsorption and diffusion compared
to the 50 wt% N-HCS and N-HCS. Since the 75 wt% N-HCS composite has the highest J,

value, lowest R, and highest J;;,,, it is the better performing CE electrocatalyst.

Current [log (|<J>/mA/cm?[)]

— Cu,S
-3+ — N-HCS T
—— 75 wi% N-HCS
—— 50 wi% N-HCS
25 wi’s NHCS
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Figure 5.11: Tafel plot of the Pt and the synthesized materials: CuzS, N-HCS, 75 wt% N-
HCS, 50 wt% N-HCS, and 25 wt% N-HCS.
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Table 5.3: Electrochemical measurements obtained from EIS and Tafel polarization
curves for Pt and the synthesized materials: CuzS, N-HCS, 75 wt% N-HCS, 50 wt% N-
HCS, and 25 wt% N-HCS

Sample R R LogJo Log Jiim

(ohm) (ohm) (mA/cm?) (mA/cm?)
Pt 51 98 -3.88 0.13
CuzS 56 6007 -5.67 -0.54
N-HCS 34 39 -3.48 0.07
75 wt % N-HCS Composite 29 20 -3.19 0.37
50 wt% N-HCS Composite 59 71 -3.74 0.09
25 wt % N-HCS Composite 61 135 -4.02 -0.04

The data obtained from the CV curves suggested that the 25 wt % N-HCS composite was a
better catalyst between the composites as it has a high current peak density and low AE,.
However, the capacitive current linear plot suggested that the 75 wt % N-HCS composite had
the highest electrochemical double layer capacitive current. From the EIS measurement, the
Nyquist plots showed that the 75 wt % N-HCS composite has the better adhesion to the
conductive substrate as it has the lowest R; value. From the EIS and polarization analysis, the
75 wt% N-HCS composite has the highest ], value, lowest R, and highest J;;,,,, suggesting that
it is the better performing CE electrocatalyst. These results suggest that both the 25 wt% N-
HCS and 75 wt% N-HCS composite exhibit good electrocatalytic properties. Therefore to
determine the more suitable Pt CE material substitute. A DSSC cell was fully fabricated for
both materials to determine which electrocatalyst exhibited better catalytic performance.
Current-voltage measurements were used to investigate the photovoltaic performances of the
CE materials. The obtained data is depicted in Figure 5.12. From Table 5.4 it can be concluded
that the 75 wt % N-HCS composite has better photovoltaic properties as it showed the highest
efficiency (0.60 %) and J,. value (0.158 mA/cm?). This can be ascribed to the combination of
the two materials in the composite as the individual materials did not show the same catalytic
ability. The porous nature and nitrogen doping of the hollow carbon spheres and the large

surface area of the copper sulfide particles aided in the electrocatalytic reaction.
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The 25 wt % N-HCS composite has the lowest conversion efficiency and short-circuit current
density compared to Pt. This can be attributed to the small copper sulfide particles blocking the
porous sites of N-HCS as the particles envelop the hollow carbon spheres as shown in the TEM
and SEM images in Figure 5.4. Although the 75 wt % N-HCS composite exhibited the best
adhesion to the conductive substrate, it showed the lowest FF value. This can be ascribed to
the series resistance due to the FTO substrate, low shunt resistance [64], or the thickness of the

TiO; increasing the distance between the photoanode and the counter electrode [65].
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Figure 5.12: Current-voltage characteristic curves for the DSSCs of Pt, 75 wt% N-HCS,
and 25 wt% N-HCS.

Table 5.4: Current-voltage measurements for the DSSCs of Pt, 75 wt% N-HCS, and 25
wt% N-HCS

Sample DSSC J,. (mA/em?)  V,, (V) FF PCE %
Pt 0.023 0.99 14.96 0.49
75 wt % N-HCS Composite 0.158 0.99 2.69 0.60
25 wt % N-HCS Composite 0.019 0.99 3.89 0.11
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5.4 Conclusion

From the TEM and XPS results obtained, there was successful preparation of the N-HCS-CuxS
composite as both hollow carbon spheres and the copper sulfide nanoparticles we observed.
CV plots showed that each of the materials' catalytic and peak properties was improved by the
incorporation of the other. The 25 wt% N-HCS composite showed that, although it was
unstable at low scan rates due to oxidation, it had better electrocatalytic activity and the ability
to reduce I3 to 1™ at 100 mV/s compared to Pt-CE. The high capacitive current in comparison
to Pt suggests that 25 wt% N-HCS and 75 wt% N-HCS composites have higher electrocatalytic
active surface area. The catalytic ability of the 25 wt% N-HCS composite can be attributed to
the surface area provided by the copper sulfide particles. However, because of the low carbon
content of the material, the composite does not exhibit the stability and resistance to corrosion
from the triiodide/iodide electrolyte. The 75 wt% N-HCS has a high current peak density, high
electrochemical double layer capacitive current, low R, low R, the highest J, value, the
highest J;;,,, high efficiency of 0.60 %, and high J,. value of 0.158 mA/cm?. This composite
catalyst also showed good catalytic ability from the CV data obtained, as it exhibited high peak
current density and good stability, given that the CV curves did not distort over time and at
different scan rates. However, the presence of an oxidation layer will limit its catalytic abilities
at lower scan rates over time. Compared to Pt, 75 wt% N-HCS is the better performing
composite and can be used as a viable substitute for platinum. Its low FF can be rectified by
using other conductive substrates. The spin coating technique or sputter coating can be used to
deposit a thin layer of TiO; onto the conductive FTO. This would reduce the separation
between the electrodes, increase the interaction and FF value. Overall the DSSCs need to be

optimized, however the trend is telling.
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Chapter 6

General conclusions and recommendations

6.1 Conclusions

Hollow carbon spheres were synthesized using chemical vapour deposition inside a horizontal
furnace. Mesoporous silica spheres of different morphologies were used as sacrificial templates
to synthesize single and double-shelled hollow carbon spheres. Different carbon sources were
used to determine the better carbon source under similar synthesis parameters. From the TEM
and BET results of the single-shelled HCSs, it was observed that toluene was a better carbon
source as the synthesized materials exhibited thicker outer shells and higher BET surface areas.
Therefore, toluene was used to prepare the double-shell HCSs. Both single and double-shell
HCSs were annealed at 900 °C under Ar gas for 1 h to improve their thermal stability and
purity. TGA analysis indicated that the annealing step improved the thermal stability of the
single-shelled HCSs. The thermal stability of the double-shelled HCSs decreased slightly its
amorphous nature. Nitrogen-doping dopants were varied to realize the better doping source
that improved the catalytic properties of the carbon. Ammonia was found to be the better
dopant as it led to increased surface areas of the single and double-shelled HCSs. The low
surface area of double-shelled HCSs can be ascribed to the incomplete removal of the silica
template or the porogen used. From these results, it was concluded that the porous single-
shelled HCSs that were carbonized with toluene and nitrogen-doped with ammonia had better
properties. They exhibited thicker shells that assisted with maintaining their shape, showed

better stability and a higher surface for catalytic reactions.

Colloidal synthesis was employed for Cu,S nanoparticles and the copper sources were varied
to determine their effect on the morphology of CuxS particles. The time study showed that the
nucleation for CuCl was fast and the growth process was slow compared to Cu(acac),. For
Cu(acac), the dissociation of the copper source was slow which resulted in gradual nucleation
and different growth times for the particles. Both copper sources gave varied CuzS composition
and produced particles with the same hexagonal morphology. However, particles from
Cu(acac); were significantly smaller in size compared to CuCl synthesized particles. Making

them the better material for electrocatalytic properties due to their small sizes.
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The electrochemical properties of the N-HCSs, CuzS, and Cu,S/N-HCS composites were tested
using CV. These CE materials were deposited on FTO-glass using spin coating for even
distribution of the ink. Their electrocatalytic abilities were examined under similar conditions
as the Pt-CE that they were compared to. The CV curves were analyzed and the N-HCS, CuzS,
and CuS/N-HCS composites showed higher current density and electrochemical double-layer
capacitive current compared to Pt. Furthermore, the 25 wt% N-HCS composite had a high
current density, lower peak-to-peak separation, and high electrochemical double layer
capacitive current suggesting that it has good catalytic abilities. However the 75 wt% N-HCS
had a high current peak density, high electrochemical double layer capacitive current, low Rj,
low R, high ], value, high J;;,,,, high power conversion efficiency and a high J,. value. This
suggests that it is the better performing composite and can potentially substitute Pt-CE in

DSSCs and consequently lower the DSSCs synthesis costs.

6.2 Recommendations

= The double-shelled HCSs showed a compromised porosity. This can be mitigated by using
a different porogen to make the sacrificial template. Furthermore, employing longer etching
times to ensure complete removal of silica could also help to improve the porosity

= The hot injection method can be used to control the particle diameters and particle size
distribution in an attempt to produce smaller monodisperse particles.

= Other methods for the preparation of the composites can be explored to improve the
composite properties. For instance, an in-situ preparation of the CuzS nanoparticles on the
surface of the HCSs may help improve the particle diameter and dispersity of the particles,
as opposed to the deposition of already synthesized nanoparticles on the surface of HCSs.

= X-ray Absorption Near-Edge Structure (XANES) can be used for deeper surface analysis
of the elements present and their bonding arrangements within the composites. This could
help with a better understanding of the structural properties and allow for further
modifications.

= The type of preparation method used to make the thin film can influence the active surface
arca. Therefore, it is recommended that other thin-film fabrication methods can be assessed
in order to evaluate changes in the current densities and peak-to-peak separations.

= Using different conductive substrates such as indium tin oxide (ITO) to thoroughly evaluate
the photovoltaic performances composite as CE materials.

= More importantly, the overall fabrication of the solar cells needs to be optimized.
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Figure S4.1: XRD pattern of as-synthesized copper sulfide particles at various reaction times

of 10, 30, and 60 min using CuCl as a Cu precursor.
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Figure S4.2: XRD pattern of as-synthesized copper sulfide particles at various reaction times

of 10, 30, and 60 min using Cu(acac); as a Cu precursor.
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