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ABSTRACT 

The development of clean alternatives to current power generation methods is immensely 

valuable for sustainable development (SD) in the global economy and environment. 

Photovoltaic devices offer an ideal solution by converting clean solar energy directly to 

electricity. Despite their high efficiency, however, silicon-based photovoltaic devices are 

precluded due to their high production cost and uncompetitive yields compared with 

conventional methods. Therefore, exploring non-silicon alternatives has gained significant 

momentum in both academia and industry during the past two decades with improved cost-

effectiveness, applicability and sustainability. Promising photovoltaic systems such as all-

polymer, small-molecule, poly/inorganic-nanoparticle hybrid, and dye-sensitized solar cells 

(DSSCs), have been rigorously investigated. In recent years, there has been growing interest in 

DSSCs, due to their low-cost, simple system fabrication and excellent efficiencies. One of the 

challenges of this technology is, however, the expensive and scarce novel metal (platinum or 

its alloys) typically used as electrocatalytic materials in the cells, inhibiting the practical 

application of DSSCs. In addition, there may be limited room for improvement in the counter 

electrode active materials to increase DSSCs performance. Atomic introduction of alien 

element (doping) to locally manipulate the surface structure of low-cost, earth abundant 

materials to unload or enhance their electrocatalytic performance has been acknowledged as 

an effective solution, however, the current doping approaches adopt bottom-up strategies 

leading to limited surface dopant levels. To address these problems, this thesis systematically 

explores an effective, generic, in-situ vapor-phase hydrothermal (VPH) doping approach for 

the fabrication of cost-effective, high-performance and chemically stable materials as the 

electrocatalyst materials on counter electrodes in DSSCs. 
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1. CHAPTER 1  

GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

  



CHAPTER 1 

2 
 

 Introduction  

Energy has become one of the fundamental needs of life in the modern world of 

technology advancement. Energy demand is rising with the increase in world population. 

Worldwide power consumption is expected to doubled in the next few decades, and the 

limited supply of fossil fuels cannot meet this demand. Nuclear power, though capable of 

providing large-scale power generation, has significant issues in safety and waste 

management. Hence, we need to turn to renewable energy sources, with the most viable 

candidate being solar power. 

 

 Solar Energy and Solar Cells  

1.2.1 Background and Status of Solar Energy Utilization 

Solar energy is often compared with other abundant and non-polluting renewable energy 

sources of our planet, such as wind, water and geothermal heat [1]. Of all these renewable 

energy sources, solar power is the most easily exploitable and invariably abundant for 

power plants that produce heat and electricity for off-grid systems.  

 

There are particular issues with maximising the enormous potential use of solar power, 

for instance, power transporting with minimal losses or lack of large continuous land area 

for solar energy production. However, solar energy is still a somewhat marginal 

phenomenon when compared to traditional, fossil fuel-based energy production. In-

house, solar-powered LED light is an ideal illumination device to replace inefficient and 

toxic kerosene lamps. On a smaller scale and especially with the new photovoltaic 

technologies, solar energy can be used to run low-power consumer electronics, such as 

laptop computers and mobile phones, or even be integrated to textiles, which can be 
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utilised in vital function monitoring systems for hospitals or ‘smart’ buildings.  

 

About 3 × 1024 joule of energy in the form of sunlight reach the surface of Earth per year, 

which is nearly 104 times more than the energy consumption of the world. Photovoltaics 

have the fastest improvements as power generation technology. Its viability and 

attractiveness lie in the systems’ low need for maintenance, silent operation, decreasing 

cost, and the continually increasing lifetime of the photovoltaic panels over the last 30 

years. In 2030, about 50% of golbal energy would be generated by photovoltaic produced 

electricity to meet the demands [2]. Therefore, it is important that heat produced by 

photovoltaics technology is harvested by highly efficient, low-cost solar cells fabricated 

by abundant, non-toxic materials using a simple manufacturing process.  

 

According to Planck’s distribution, electromagnetic radiation coming from the sun or any 

light source can be well approximated by a black body at a temperature of 5800 K [3]. 

Photos show wave-like behaviour and are characterised formally where с and h are the 

speed of light including a wavelength λ, and the Planck constant carrying an energy E 

associated with its wavelength is given by:  

E = 
ℎ𝑐

𝜆
 

 

The total spectrum of solar energy is decomposed by atmospheric effects such as light 

absorption of oxygen (O2), ozone (O3), nitrous oxide (N2O), methane (CH4), water vapour 

(H2O), and carbon dioxide (CO2). The effect of the atmosphere on solar spectrum 

distribution can be calculated by  

Air Mass = 
1

cos 𝜃
 (θ is the angel of incidence)  
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The incident solar energy on Earth cannot be converted entirely into electricity, due to 

the nature and working mechanisms of semiconductors, which can be indicated according 

to Würfel’s research on photovoltaic thermodynamic properties. It is a theoretical 

thermodynamic converter machine having a maximum solar energy conversion efficiency 

[4].  

 

Hence, it is a considerable challenge to capture solar energy and convert it into usable 

forms as electricity or chemical fuels. The primary solar energy conversion systems to 

harvest solar power are photovoltaic devices, known as solar cells, which convert the 

incident photon energy of solar radiation into electrical energy through the generation and 

subsequent collection of electron-hole pairs. However, there are still several challenges 

that need to be overcome to meet the R & D requirements for the solar cells to make it a 

pragmatic solution to our energy crisis, for instance, high power conversion efficiency, 

low cost, long-term stability and using abundant and biocompatible raw materials.  

 

1.2.2 Structure of Basic Solar Cells  

A basic solar cell is composed of an intrinsic electronic bandgap that absorbs photon 

energy equal to or higher than this gap to produce excitation where an electron and hole 

pair occurs. The excitation, a separated electron-hole pair, is produced with a favourable 

energetic alignment of materials, where holes move to the cathode and electrons to the 

anode, and a photovoltaic cell builds up due to the accumulation of charges at the contacts. 

The cell can produce electrical energy at an external load, where relates to the contact of 

the electrode.  

 

Commercial solar cells are mostly composed of p-n semiconductor junctions to achieve 
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maximum conversion efficiency. A p-n junction is an electric field created by n-doped 

and p-doped close contact semiconductor materials. The depletion layer is a space charge 

region forming, due to the interdiffusion and recombination of free holes and electrons at 

the contacts. In the region, there are no net current flows, while the electric field 

counterattack causes the drift force at equilibrium conditions [4, 5]. Meanwhile, a formed 

electron-hole pair can have enough or higher energy to exceed the semiconductor 

bandgap due to the electron and holes having differences in electrochemical potential in 

the p and n semiconductor regions, different conductivities and varied carrier 

concentrations [6].  

 

1.2.3 Brief Overview of Photovoltaic Technologies  

Photovoltaics (PV) is widely known for achieving electrical power by converting solar 

radiation into direct current electricity through semiconductors. Photovoltaic power 

generation with solar panels is composed of several solar cells containing a photovoltaic 

material. Solar photovoltaic power generation is a clean, and sustainable energy 

technology [7].  

 

The requirements for operation of a photovoltaic cell are 

1. Broadband solar spectrum absorption and generation of electron and hole pairs (in 

some cases, excitons) 

2. Separation of the above-generated charge carriers (in some cases exciton 

ionisation and carrier separation) 

3. Extraction of these carriers to an external circuit 

 

There are three different classes divided as seen below and in Figure 1-1 [8]:  
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 Wafer-based silicon: the classical silicon-based system as single/mono-crystalline 

or polycrystalline silicon solar cells 

 Thin-film solar cells: such as Copper Indium Gallium Diselenide (CIGS), 

Cadmium Telluride, Amorphous Silicon (a-Si).  

 Emerging technologies like thin-film silicon, dye-sensitized solar cells, polymer-

based organic solar cells and perovskite cells.  

 

 

Figure 1-1 Classification of solar cells [9] 

 

Commercial silicon cells are known as wafer-based solar cells, and are used to make most 

solar cells. The technology is further classified into two categories as:  

 

A) Single/Mono-Crystalline Silicon Solar Cells 

To date, single/mono-crystalline silicon solar cells are the most established and 

efficient technologies, with a module level efficiency of 18 - 20%. The cell is well 

developed and reliable, and manufactured from a single silicon crystal by the 

Czochralski process [8]. The theoretical efficiency of monocrystalline solar cells, cut 
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from cylindrical ingots during the manufacturing, is around 29% [10]. These solar cells 

have high efficiency, longevity, excellent heat resistance and ability to produce more 

electricity on a single square meter of installed solar panels. However, the cost is 

staggering, due to these monocrystalline solar cell panels being from single-cell silicon 

crystals processes, which is one of the most complex and costly methods.  

 

B) Polycrystalline Silicon Solar Cells 

Polycrystalline silicon solar cells, have a module level efficiency of around 12 - 14%, 

with a lower price than their monocrystal counterparts and more straightforward 

manufacturing methods. A polycrystalline solar cell wafer is isolated from a multi-

faceted polycrystalline silicon ingot. Due to the losses at the joints between these 

individual crystals, these cells are not as efficient as the monocrystalline solar cells. 

However, the gap between these two solar cells has been decreasing due to increasing 

purity and process tolerances.  

 

A thin-film solar cell is synthesised by depositing multilayers of photovoltaic material on 

a substrate. The thickness range of such a layer is extensive and varies from a few 

nanometers to tens of micrometres. Many different photovoltaic materials are deposited 

with various deposition methods on a variety of substrates. Thin-film solar cells are 

usually categorised according to the photovoltaic material used [11, 12].  

 

A) Amorphous: Silicon Solar Cells  

Amorphous silicon is a disordered (non-crystalline) allotrope of silicon. It is used as a 

photovoltaic material where the power requirement by the cell is rather low. More 
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recently, progress in a-Si construction approaches has made them more attractive for 

large-area solar cell applications as well. The main advantage of these solar cells is 

that they use just 1% of silicon needed for the manufacture of crystalline solar cells, 

which drastically reduces the cost of these solar cells. The efficiency of these solar 

cells at the module level is around 4-8%. The cause of this low efficiency for 

amorphous Silicon solar cells is their low quantum efficiency. 

 

The quantum efficiency of thin-film solar cells is low because of the reduced number 

of collected charge carriers per incident photon. To enhance the efficiency of these 

cells, the devices that contain p-i-n cells stacked one on top of the other are used which 

has improved the efficiency of these amorphous silicon solar cells (> 10%) [11]. These 

cells suffer from low efficiency as the amorphous silicon has a disordered structure, 

which leaves it with many dangling bonds. These dangling bonds act as defects which 

give rise to anomalous conductivity in this material. Hydrogenation is used to 

ameliorate this issue, however, this hydrogenation process is associated with light-

induced degradation of a material called the Staebler Wronski effect [13].  

 

B) Cadmium Telluride Solar Cells  

CdTe solar cells are photovoltaic (PV) technology based on cadmium telluride thin 

film, which is used to absorb and convert sunlight into electricity[14].  

 

CdTe thin film technology is more efficient than amorphous silicon, as its band gap is 

1.4 eV and thus matches the solar spectrum very well. It is also much more adaptive 

to mass production, as the CdTe thin film can be deposited onto the substrate quickly 

and is a high- throughput technology. Each cell comprises a junction of n-doped 
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cadmium sulphide, known as the window layer on top of a p-doped layer of cadmium 

telluride, known as the “absorber.” A transparent conductive front contact covers the 

cadmium sulphide, while the CdTe is in contact with a conductive rear surface 

substrate. 

 

Thin-film CdTe/CdS heterojunction solar cells have been fabricated in two different 

configurations, referred to as substrate and superstrate [15]. In both configurations, 

light enters the cell through the transparent conducting oxide (TCO) and CdS films. 

However, in the superstrate cell, the TCO, CdS, and CdTe layers are sequentially 

deposited onto a glass superstrate, which also serves as the mechanical support for the 

cell, and light must pass through the supporting glass before reaching the CdS/CdTe 

junction. In the substrate configuration, the CdTe film is typically deposited first onto 

a suitable substrate, followed by sequential deposition of CdS and the TCO. CdTe with 

laboratory efficiency as high as 20% has been developed and confirmed [16]. Limited 

availability of cadmium and toxicity/pollution problem associated with cadmium are 

the primary concerns with this technology. 

 

C) Microcrystalline Silicon Solar Cells  

Microcrystalline silicon is like amorphous silicon as it also has an amorphous phase 

but in the microcrystalline solar cells small grains of crystalline silicon are embedded 

in an amorphous matrix. Microcrystalline silicon has many useful advantages over 

amorphous silicon. One of the most critical advantages of microcrystalline silicon is 

that it has increased stability over a-Si, due to being the lower hydrogen concentration. 

Although it cannot obtain the mobility that poly-Si can, it has the advantage over poly-

Si, as it is easier to fabricate, and it can be delivered using conventional low-
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temperature a-Si deposition techniques, for instance, PECVD, as opposed to laser 

annealing or high-temperature CVD processes in the case of poly-Si [17]. The 

efficiency obtained for these types of solar cells is about 11%. 

 

D) Organic Solar Cells  

Organic solar cells are a species of polymer solar cells, which use conductive organic 

polymer/small organic molecules for charge transport to produce electricity from 

sunlight by the photovoltaic effect. A common characteristic of those used in 

photovoltaics is that they are large conjugated combinations. A conjugated system is 

formed where carbon atoms covalently bond with substituting single/double bonds.  

Compared to silicon-based devices, polymer solar cells are lightweight (which is 

essential for small autonomous sensor applications), possibly disposable and cheap to 

fabricate (sometimes using printed electronics), adjustable, and customizable at the 

molecular level. Moreover, they have a lower potential for adverse environmental 

impacts. The disadvantages of polymer solar cells are also quite serious: they 

endeavour about 1/3 of the efficiency of hard materials, and they are comparably 

unstable toward photochemical degradation. Therefore, despite continuing advances 

in semiconducting polymers, most solar cells rely on inorganic materials [10]. Polymer 

solar cells have problems with insufficient efficiency for large scale applications and 

stability, but the promise of extremely cheap production and eventually high-

efficiency values has resulted in them being one of the most popular areas in solar cell 

research [18, 19]. Highest efficiency of these organic solar cells is around 8% [20].  

 

The first type of organic solar cell is widely known as a single layer organic solar cell, 

which is formed by a layer of organic electronic materials between two metallic 
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conductors. The basic structure of such a cell i s  shown in Figure 1-2. 

 

 

Figure 1-2 Schematic of single layer organic solar cell 

 

The variation of work function between the two conductors sets up an electric field in 

the organic layer. Electrons will be excited to the lowest occupied molecular orbital 

(LUMO) and leave holes in the highest occupied molecular orbital (HOMO) along 

with the lights absorption inorganic layer, by forming excitons. The potential created 

by the different work functions helps to separate the exciton pairs, pulling electrons to 

the positive electrode (an electrical conductor used to contact a non-metallic part of a 

circuit) and holes to the negative electrode. An example of similar organic cells is the 

work by Karg et al. [21]. The device was ITO/PPV/Al, which had an efficiency of 

0.1%, but a Voc of 1V. The major drawback of this type of cell is low quantum 

efficiency leading to poor power conversion efficiency. A primary consideration is 

that the electric field generating from the difference between these conductive 

electrodes is seldom sufficient to break up the photo-generated excitons. Often the 

electrons recombine with the holes rather than reach the electrode. Thus, multilayer 

organic photovoltaic cells were explored. 
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In bilayer organic solar cells, two different layers are sandwiched between the 

conductive electrodes as shown in Figure 1-3.  

 

 

Figure 1-3 Schematic of bilayer organic solar cells 

 

These two layers of materials have differences in electron affinity and ionisation 

energy. Thus, electrostatic forces are formed at the interface between the two layers. 

The materials are chosen carefully to make the variations large enough, leading to 

strong local electric fields, which may be more efficient for excitons separation than 

the single layer photovoltaic cells. The layer with the higher electron affinity and 

ionisation potential is named as the electron acceptor, and the other is called the 

electron donor. This structure is also well-known as a planar donor-acceptor 

heterojunction [22]. 

 

An Example of this type of cell is the use of C60 which has high electron affinity as 

an electron acceptor and MEH-PPV as an electron donor [23]. Using C60/PPV as 

bilayer, an efficiency of 1% was reported [24]. The cause of this low efficiency is that 

the diffusion length of excitons in organic electronic materials is typically in the order 

of 10 nm. To diffuse to the interface of layers and divide into carriers, the thickness of 
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the layer should be in the same range as the diffusion length. However, the minimum 

requirement for the thickness to absorb sufficient light is 100 nm. Thus, only a small 

fraction of excitons can reach to the interface of heterojunction at such a large 

thickness. Therefore, a new type of heterojunction photovoltaic cell is necessary. 

 

E) Bulk Heterojunction Solar Cells 

Bulk heterojunction solar cells are another type of solar cells, in which the electron 

donor and acceptor are mixed, forming a polymer blend. If the length scale of the blend 

is similar to the exciton diffusion length, in most cases, the excitons generated in either 

material may reach the interface, where excitons separate efficiently. Electrons move 

to the acceptor domains and are lifted through the device and collected by one 

electrode, and holes are pulled in the opposite direction and collected on the other side 

[10]. An Example of bulk heterojunction-solar cells uses silicon nanorod as acceptors 

and Spiro as a donor with an efficiency of 10.3%.  

 

In graded/ordered heterojunction solar cells, the electron donor and acceptor are 

associated together, as in bulk heterojunction, but in the progress that the gradient is 

gradual. This architecture incorporates the short electron movement distance in the 

dispersed heterojunction with the advantage of the charge gradient of the bilayer 

technology [25]. 

 

F) Hybrid Solar Cells 

Hybrid solar cells take advantage of both organic and inorganic semiconductors. Here 

the organic material is mostly conjugated polymer, which can absorb light and help in 
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transport of holes. The inorganic part is mainly used as electron transport material. In 

hybrid solar cells, the photoactive layer is formed by an organic material, associated 

with a high electron transport material [26]. The two materials are connected in a 

heterojunction-type photoactive layer, which can achieve a much better power 

conversion efficiency than a single material. The efficiency of these solar cells depends 

on how efficient these organic-inorganic interfaces are made. These hybrid solar cells 

are mainly of two types: polymer-nanocomposite hybrid solar cell and Dye-sensitized 

Solar Cell (DSSCs).  

 

In the polymer nanocomposite hybrid solar cell, the photoactive layer is made by 

mixing nanomaterials into the polymer matrix. Here the advantage of nanoparticles is 

their large surface to volume ratio, which helps increase the surface area for charge 

transfer processes. These cells are like polymer solar cells where fullerene acceptor 

material is replaced by nanoparticles. The advantages of the use of nanoparticles are, 

1) Simple and low-temperature process required for the synthesis of these 

nanoparticles, 2) Compared to organic systems like fullerene these nanoparticles are 

more stable, 3) The band gap of nanoparticles can be tuned to improve light absorption. 

 

The polymers used for these types of solar cells should have better mobility than 

electron mobility. Thus this polymer phase is used to transport holes. The nanoparticles 

present in the matrix help to transport electrons to the electrode. The interface area 

between the polymer phase and the nanoparticles has to be substantial. This is achieved 

by dispersing the particles throughout the polymer matrix. However, the nanoparticles 

are considered to be interconnected to a synthesis percolation network to help the 

electron transport process, which occurs by electron hopping [27].  
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The nanoparticle aspect ratio, geometry, and volume fraction directly affect the 

performance of these types of solar cells. Nanoparticle structures include nanocrystals, 

nanorods, and hyperbranched structures [28]. Various structures adjust the conversion 

efficiency by affecting nanoparticle dispersion in the polymer and providing avenues 

for electron transport. Importantly, the nanoparticle phase is required to provide a 

pathway for the electrons to reach the electrode. Compared with nanocrystals, 

nanorods are highly recommended for use, by which, the hopping events from one 

crystal to another can be avoided which achieves more efficient solar cell devices [28]. 

To fabricate the nanoparticle-polymer matrix, the two materials are mixed in a solution 

and spin coated onto a substrate or are made by usual sol-gel methods. Most of these 

approaches do not involve processing with high-temperatures. Annealing increases 

order in the polymer phase and improve conductivity. However, long time annealing 

has to be avoided as it may cause enhancement of polymer domain size, leading to this 

length being greater than the exciton diffusion length and potentially allowing some 

of the metals from the contact to diffuse into the photoactive layer, negatively 

impacting on the efficiency of the device [27, 28]. 

 

The nano-materials used in these types of cells are usually CdS, CdSe, and TiO2 

nanoparticles (size range 6-20 nm), and common polymers used are P3HT and MEH-

PPV. that have extended conjugation and are also hydrophobic. 

 

 

Figure 1-4 Different morphologies of nanoparticles used in hybrid polymer-nano 

composite solar cells [9] 
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DSSCs are third generation solar cells, discovered by Grátzel and O’Regan in 1991. 

DSSCs are composed of a porous layer of titanium dioxide nanoparticles, covered with 

a molecular dye that could absorb sunlight, which is very similar to the chlorophyll in 

green leaves. The titanium dioxide is immersed under an electrolyte solution, and the 

platinum-based catalyst set above acts as a counter electrode. This chemical method 

of assembling the cell architecture achieves the facile and cost-effective processing 

which makes these cells front-runners fundamental design novelty and potential for 

low-cost fabrication [29].  

 

 Research Challenges and Questions  

The development of clean alternatives to current power generation methods is 

immensely valuable for sustainable development in the global economy and 

environment. Photovoltaic devices offer an ideal solution by converting clean solar 

energy directly to electricity. Despite their high efficiency, however, silicon-based 

photovoltaic devices are precluded due to their high production cost and uncompetitive 

yields compared with conventional methods. Therefore, exploring non-silicon 

alternatives has gained significant momentum in both academia and industry during 

the past two decades with improved cost-effectiveness, applicability and sustainability. 

Promising photovoltaic systems such as all-polymer, small-molecule, poly/inorganic-

nanoparticle hybrid, and DSSCs, have been rigorously investigated. In recent years, 

there has been growing interest in DSSCs, due to their low-cost, simple system 

fabrication and excellent efficiencies. One of the challenges of this technology is, 

however, the expensive and scarce novel metal (platinum or its alloys) typically used 

as electrocatalytic materials in the cells, inhibiting the practical application of DSSCs. 

In addition, there may be limited room for improvement in the counter electrode active 
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materials to increase DSSCs performance. Atomic introduction of alien element 

(doping) to locally manipulate the surface structure of low-cost, earth abundant 

materials to unlock or enhance their electrocatalytic performance has been 

acknowledged as an effective solution, however, the current doping approaches adopt 

bottom-up strategies leading to limited surface dopant levels. 

 

 Outline of the Thesis  

The primary goal of this thesis is to synthesise various electrocatalysts based on transition 

metal oxides and graphene using a facile but effective vapor-phase hydrothermal (VPH) 

method, to investigate the sulfur doping mechanisms during the process, and to utilise the 

resultant modified counter electrodes (CEs) in dye-sensitized solar cells (DSSCs). To 

achieve the objectives, a well-organised strategy was employed to systematically study 

the structural properties, parameter dependences, doping mechanisms, and the 

electrochemical performance in DSSCs. 

 

Chapter 1 explains the status of global energy availability and environmental challenges. 

The shortage of fossil fuels has encouraged research institutions and world organisations 

to search for alternative clean and sustainable energy. Among all the renewable energies, 

solar energy is considered an ideal replacement candidate for conventional energy 

resources. Various energy-harvesting approaches, energy conservation devices, 

especially solar cells, are also introduced and discussed. Finally, the motivation of the 

project and the scope of the thesis are presented.  

 

Chapter 2 describes the novelty, design, and strengths of VPH in Dye-sensitized solar 

cells (DSSCs). The status of research, which includes various counter electrodes active 
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materials in DSSCs, different doping strategies, and VPH treatment are discussed in detail, 

followed by characterization techniques in DSSCs.  

 

Chapter 3 is a co-authored paper submitted to Journal of Material Letters. The actual 

active species of metal chalcogenide related materials are identified and discussed. The 

chapter specifically discusses how the sulfur dopants on the Co3O4 nanosheets surface are 

controllably created via the VPH approach, leading to high-performance DSSCs with a 

best power conversion efficiency (PCE) of 8.86%.  

 

Chapter 4 is a co-authored paper in preparation. In this chapter, the applicability of the 

VPH method as a generic approach to convert transition metal oxides into electrocatalytic 

active materials is investigated. Serval transition metal oxides, such as CuO, V2O5, WO3 

and MoO3 are successfully fabricated and modified through VPH treatment. These metal 

oxides based DSSCs as CEs exhibit significant improvement in PCE. The results 

unambiguously reveal for the first time a close correlation between the surface sulfur 

dopant and the critical electrocatalytic activity indicators. The demonstrated findings 

provide insights into the VPH doping processes that could be utilized to effectively unlock 

the catalytic potentials of low-cost, earth-abundant metal oxide crystals as high-

performance catalysts for energy conversion and storage applications. 

 

Chapter 5 is another co-authored paper in preparation. In this chapter, sulfur(S)-doped 

graphene (S-rGO) is synthesised via a facile one-step VPH treatment. The various 

thickness GO sheets with different temperatures and duration are investigated to optimise 

the best VPH condition. The synergistic effects of a sulfur dopant and reducing agent 

dramatically enhance the electrocatalytic performance of the resulting S-rGO sample. The 



CHAPTER 1 

19 
 

DSSCs equipped with S-rGO counter electrode (CE) demonstrate significantly improved 

electrocatalytic activities leading to a reasonable energy conversion efficiency of 6.58%. 

Thus, VPH, as a facile but effective method demonstrates its enormous potential for both 

metal oxides and carbon-based materials. 

 

Chapter 6 is also a co-authored paper in preparation. In this chapter, VPH is further 

investigated as a simple approach of simultaneously employing graphene and transition 

metal oxides, and the resultant composites are potential Pt-free electrodes for high-

performance DSSCs. 

 

The thesis concludes with Chapter 7, which includes a summary and future research 

directions.  
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 Dye-sensitized Solar Cells (DSSCs)  

It has always been an important goal to develop affordable materials for highly efficient 

photovoltaic technologies. During the past two decades, developing non-silicon 

alternatives based on the novel scientific opportunities afforded by the emergence of 

nanotechnology has gained signification momentum. In 1991, Crátzel et al. [1] discovered 

dye-sensitized solar cells, which are unlike the first and second generation photovoltaic 

devices based on solid semiconductor materials. The typical dye-sensitized solar cells 

configuration combines solid and liquid phases allowing as simple and cost-effective 

processing alternative. Several new ways of making robust and durable DSSCs have been 

identified by the scientific community, for instance, various inorganic oxide 

morphologies [2-5]. 

 

2.1.1 Structure and Operational Principle of Dye-sensitized Solar Cells 

Dye-sensitized solar cells differ from other solar cells due to its basic construction and 

the physical processes behind its operation. Dye-sensitized solar cells covert solar energy 

directly into electric current. Electricity is generated on a nanoporous TiO2 film, 

photoelectrode, sensitised with a monolayer of visible light absorbing the dye and 

penetrated with a redox electrolyte. The TiO2-electrolyte network is structured between 

two conductive substrates that work as current collectors. The counter electrode, the 

opposite substrate to the TiO2 layer, is coated with a material capable of catalysing the 

redox reaction in the electrolyte. Thus, the dye-sensitised solar cells are more like 

electrochemical cells than conventional p-n junction solar cells. The operational principle 

of DSSC is shown in Figure 2-1. 
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Figure 2-1 Schematic illustration of DSSC and its operating principle [6] 

 

The first research on dye-sensitised TiO2 and ZnO photoelectrodes was between the 

1960s and 1970s, but was limited b a lack of suitable dyes that could be adsorbed on 

marcrocrystalline semconductors, and the absorbance range of the dyes being too narrow 

for acceptable phototcurrent and cell effciency [7]. The most significant improvement 

was achieved in the early of 1960 with the nanotechnology and development of better 

dyes, which have larger active photoelectrode surface areas.  

 

As seen in Figure 2-1, photo adsorption induces a metal to liquid type electron transition 

between the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of the dye. Since the LUMO in the vicinity of the pyridyl π-

orbitals, electron injection to the TiO2 is spatially favourable. Efficient electron injection 

is further enhanced by the strong electronic interaction that forms when the dye bonds to 

the TiO2 with the ligand carboxyl groups and the energetic location of the TiO2 

conduction band about the LUMO of the dye. Efficient charge separation is achieved 

because the electrons and holes travel in various mediums, preventing bulk recombination, 

which is a disadvantage in conventional p-n junction cells. The recombination process of 
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the photogenerated electrons with the oxidised form of the dye in the electrolyte is slower 

than the electron injection process. Also, the electrolyte protons and cations released in 

the dye adsorption process intercalate to the surface of TiO2 and the lattice, forming a 

Helmholtz diple layer with the negative space in the electrolyte on the photoelectrode 

surface, which further enhances charge separation.  

 

The current capability of the cell is determined by the energetic distance of the HOMO 

and LUMO of the dye, which equals the band gap in inorganic semiconductors. The 

maximum voltage is defined as the difference between the redox level of the electrolyte 

and the Fermi level of the TiO2 [7]. After injection, electrons diffuse in the nanocrystalline 

TiO2 network to the conductive coating of the substrate, from which they could be 

transferred to an external circuit. To date, the thermally activated trapping/de-trapping 

mechanism along localised energy levels below the TiO2 conduction band edge is the 

most realistic one [8-11]. Due to the electron injection to the TiO2, the dye molecule is 

left in an oxidised state. Thus, the dye must be reduced back to the ground state to 

continue the current generation. Iodide/triiodide (I-/I3
-) is the most commonly used redox 

couple, and the combination (I-/I3
- - TiO2) gives the best efficiencies. First, the oxidised 

dye gets electrons from the iodide ions (I-), which turn into triiodide (I3
-). Then, the 

triiodide ions (I3
-) diffuse to the counter electrode, where they get reduced back to iodide 

ions (I-) by the returning electros. Overall, the cell operation is based on consecutive 

cycles of reduction/oxidation. Platinum is the most often used counter electrode catalyst 

for the triiodide/iodide (I3
-/I-) reduction reaction, and few other materials, for instance, 

carbon materials and certain conductive polymers, have been successfully applied [12].  

 

The transfer of electrons during the cell operation can be summarised as follows:  
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1. Excitation of dye upon irradiation  

TiO2 | S + հv → TiO2 | S* 

2. Oxidation of dye due to injection of electrons into TiO2  

TiO2 | S* → TiO2 | S+ + e- 

3. Dye recovers its original ground state 

TiO2 | S+ + e- → TiO2 | S 

4. Oxidization of the electrolyte 

TiO2 | S+ + 3/2 I- → TiO2 | S + ½ I3
- 

5. Restoration of the electrolyte at the counter electrode 

½ I3
- + e - →3/2 I- 

6. Redox reaction 

I3
-+ 2e -→3 I- 

 

At the photoelectrode, S is the ground state of the dye; S* is the excited state of the 

dye; S+ is the oxidised state of the dye  

 

2.1.2 Key Efficiency Parameters of Dye-sensitized Solar Cells  

The performance of dye-sensitised solar cells mainly depends on several experimentally 

accessible parameters incident-photo-current conversion efficiency (IPCE), photocurrent 

(Jsc), photovoltage (Voc), fill factor (FF) and overall solar energy to electricity conversion 

efficiency (ƞ).  

 

2.1.2.1 Incident-Photon-Current Conversion Efficiency (IPCE) 

The IPCE is also called Quantum Efficiency (QE) or External Quantum Efficiency 

(EQE), which is a quantum-yield term for the overall charge-injection collection process 
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measured using a single wavelength source. 

Incident Photo Current Conversion Efficiency (IPCE) 

IPCE (λ) = 1240 × Jsc / λ × ɸ 

 

The Jsc value is the photocurrent per unit area (mA cm-2), λ is the wavelength (nm), 

and ɸ is the incident radiative light flux (W/m2).  

 

For DSSC, the term is defined as:  

IPCE (λ) = LHE (λ) × ɸ (inj) × ƞ (coll)  

 

LHE (λ) is the light-harvesting efficiency for photos at wavelength λ, ɸ (inj) is the 

electron injection quantum yield for the excited sensitiser to the semiconductor oxide 

conduction band, and ƞ (coll) is the fraction of injected charges that can reach the 

back contact. 

 

2.1.2.2 Open-Circuit Photocurrent (Jsc)  

Jsc is the current obtained from the cell when a DSSC under irradiation is short-circuited, 

or the load resistance is zero. The value mainly depends on the photon generated and the 

interfacial recombination of the electrons and holes, which can be derived by the IPCE 

spectra:  

Open Circuit Photocurrent (Jsc) 

Jsc = e ∫ IPCE (λ) Is (λ) d λ 
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Where Is (λ) is the photon flux at wavelength λ under standard AM 1.5 simulated 

sunlight. Therefore, to gain a high Jsc value, the organic dye sensitisers should have 

features of  

a) Board and intense capability of sunlight-harvesting  

b) Strong interactions between dye sensitisers and TiO2 surfaces.  

 

2.1.2.3 Open-Circuit Voltage (Voc) 

Open-circuit voltage is the maximum voltage obtainable from a solar cell, and the value 

is the difference between two terminals of a cell under illumination.  

Open Circuit Voltage (Voc) 

Voc = 
𝐸𝑐𝑏

𝑒
 + 

𝐾𝐵

𝑒
Tln (

𝑛

𝑁𝑐𝑏
) – Eredox  

 

In which, n is the number of electrons in the TiO2 conduction band, and NCB is the 

sufficient density of states. The first two terms define the quasi-fermi level of TiO2 

and Eredox is the Nernst potential of the redox mediator. However, the actual Voc value 

is lower than the theoretical value due to the recombination of injected electrons with 

I3
- in the electrolyte and with dye cations.  

 

2.1.2.4 Fill Factor (FF)  

The fill factor (FF) is a measure of maximum power output from a solar cell, and it is 

defined as the ratio of the maximum power output (JmpVmp) to the product of Voc and Jsc.  

Fill Factor (FF) 
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FF = 
𝐽𝑚𝑝𝑉𝑚𝑝

𝐽𝑠𝑐𝑉𝑜𝑐
 

 

Where Vmp and Jm are the voltage and current values at the maximum power point. 

Fill factor has no unit being a ratio of the same physical parameters, which is a 

function of the series and shunt resistances of the solar cell. For DSSC, fill factor 

reflects the extent of electrical and electrochemical losses during the solar cell 

operation. To achieve a higher fill factor, the shunt resistance and decrement of the 

series resistance are required.  

 

2.1.2.5 Solar Energy to Electricity Conversion Efficiency (ƞ) 

The power energy to electricity conversion efficiency of solar cells (ƞ) is defined as the 

ratio of the maximum electrical energy output to the energy input of the solar energy. 

Solar Energy to Electricity Conversion Efficiency (ƞ) 

Ƞ = 
𝑉𝑜𝑐𝐼𝑠𝑐𝑓𝑓

𝑃𝑖𝑛
 

 

Where Pin is the power of the solar energy. To attain a higher efficiency value, 

optimization of the Voc, Jsc and FF values of the solar cells is necessary. 

 

2.1.3 Main Components of Dye-sensitized Solar Cells 

There are five main components of dye-sensitized solar cells: transparent conductive 

oxide (TCO) coated substrate, metal oxide coating, dye, electrolyte and counter electrode 

material.  
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2.1.3.1 Transparent Conductive Oxide Coated Substrate  

The substrate plays a vital role in dictating the performance of DSSCs, which functions 

as a current collector and supports the semiconductor layer in DSSCs. There are two 

critical features of the transparent conductive oxide coated substrate: 1) High optical 

transparency and 2) Low electrical resistivity. High optical transparency allows the solar 

energy to pass through the active material without unwanted absorption of the light 

spectrum, and the electrical resistivity facilitates the electron transfer process and reduces 

energy loss. To date, the most widely used transparent conducting oxides in the industry 

are primarily n-type conductors.  

 

Transparent conducting coating for photovoltaic applications has been fabricated using 

both inorganic and organic materials. Inorganic films typically combined a layer of 

transparent conductive oxide (TCO) [13], mostly in the form of doped zinc oxide, indium 

tin oxide (ITO) and fluoride doped tin oxide (FTO), while organic films are being widely 

developed using graphene and carbon nanotubes. Fabricated with the networks of 

polymers, for instance, poly (3, 4-ethylene dioxythiophene) and their derivatives, 

graphene and carbon nanotube are highly transparent to infrared light. To date, ITO or 

FTO is the most efficient TCO material in photovoltaic applications. However, the 

conductivity decreases during the calcination process in the DSSCs fabrication is a 

disadvantage of using ITO as the material. Thus, the best transparent conducting material 

for DSSCs is FTO. There are various methods of TCO deposition, including metal organic 

chemical vapour deposition (MOCVD), pulsed laser deposition (PLD) and spray 

pyrolysis. However, the most efficient way is magnetron sputtering of the film [14]. 
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2.1.3.2 The Photo-anode  

The photo-anode is related to light harvesting, electron injection and collection. It has 

been confirmed that the ideal photo-anode, made from a nanoparticulate porous material, 

requires a high specific surface area for dye adsorption and proper inter-connection 

between nanoparticles. The nanostructured metal oxide is generally deposited on the top 

of the TOC, playing a significant role in DSSCs. The metal oxide coating provides a 

surface for the dye adsorption, which accepts electrons from the excited dye and conducts 

electrons to the TOC. Due to high refraction index, excellent chemical stability, low 

production cost and an amphoteric surface, TiO2 has been widely used for DSSCs.  

 

In typical DSSCs devices, the size of TiO2 particles is around 20nm, and ordinarily 

colloidal TiO2 dispersions are applied to deposit nanocrystalline TiO2 films on FTO 

substrate. To deposit the TiO2 layer, screen-printing and doctor-blading techniques are 

widely used [15]. After coating TiO2 on the substrate, annealing at 450ºC ~ 550ºC is 

required to remove organic additives and afford proper interconnection between the TiO2 

particles. The breakthrough in DSSC technology was due to the TiO2 film, which had a 

mesoporous semiconductor structure instead of a flat electrode. The mesoporous TiO2 

films provide a surface area more than 1000-times greater than a flat electrode. Moreover, 

the open porosity of these films allows electrolyte to fill all pores of the film and make 

good contact with the dye molecules and electrolyte. 

 

2.1.3.3 The Counter Electrode  

Usually, Pt nanoparticle-coated FTO obtained by thermal decomposition [16], sputtering 

[17] or chemical reduction [18] is used as the counter electrode. Pt counter electrode is 

very efficient in I-/I3
- redox regeneration (the conversion of I3

- to I- occurs on the surface 



CHAPTER 2 

33 
 

of Pt) which in turn helps in the regeneration of oxidized dye. Thus, platinum acts as a 

catalyst for the charge transfer reaction occurring between iodide and tri-iodide [19]. 

However given the high cost and low natural abundance of Pt, in recent years significant 

efforts have been directed towards the replacement of this Pt catalyst with other 

inexpensive and earth-abundant materials [20]. 

 

2.1.3.4 Electrolyte and Hole Conductors  

Since the first work reported by Grätzel, the I ˉ/I3ˉ system has been widely applied in 

DSSCs as a redox electrolyte. Efficiencies of more than 11% with acetonitrile-based 

electrolyte and 8% long-term stability at 80ºC with a low volatile electrolyte have been 

achieved [21-24]. However, the I ̄ /I3ˉ redox electrolyte is liable to evaporation or leakage. 

Recently, room temperature ionic liquids (ILs) have attracted considerable interest as a 

potential candidate for replacing the volatile organic solvents due to their negligible vapor 

pressure and high ionic conductivity [25-27]. Stable DSSC devices were obtained by 

using binary mixtures of the viscous, pure imidazolium I ˉ/I3ˉ IL with a low viscosity, 

highly stable IL. Following similar logic, quasi-solid electrolytes have been designed by 

gelating the electrolytes with aliphatic gels [28, 29], polymers [30, 31] or nanoparticles 

[32]. Other strategies for solidifying the electrolyte include the introduction of polymer 

cations [33, 34] or plastic crystal [35]. Alternatives to the I ˉ/I3ˉ system are always a topic 

of interest. Although Br2/Brˉ [36] and pseudohalogen systems of  (SCN)3/SCNˉ and 

(SeCN)3/SeCNˉ [37, 38] have been reported, the high corrosion and toxicity of these 

electrolytes hamper further research and application. Fast outer-sphere one-electron-

transfer redox couples like ferrocene/ferrocinium (Fc+/Fc) and phenoxazine usually show 

obvious back reaction problems from the TiO2 and substrate [39-41]. Nusbaumer et al. 

reported DSSCs based on Co(II/III) polypyridyl complexes as a redox couple in 
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combination with ruthenium dyes, showing an impressive efficiency of over 8% at a low 

light intensity under full sunlight illumination [42-44]. Recently, Yella et al. boosted the 

efficiency of DSSC to 12.3% by using a Co(II/III) (bipyridine)3-based redox electrolyte 

in conjunction with a donor–π-bridge–acceptor zinc porphyrin dye as a sensitizer (YD2-

o-C8) [45]. Solid organic conductors (HTMs) are also a focus of current research since 

the majority are solids or nonvolatile liquids. Crystalline inorganic salts of CuSCN [46-

48], CuI [49-51], organic molecular solids of triarylamines [52] and polymer HTMs of 

poly(3-alkyl thiophene) [53] and polyaniline [54] have already been tested in solid-state 

dye-sensitized solar cells (ssDSSCs). Among all the candidates, spiro-OMeTAD remains 

the best photovoltaic performance to date [55, 56]. Recent advances in the photovoltaic 

performance of ssDSSCs have augmented the PCE to a level of 4.0 to 9.3%. However, 

the conversion efficiencies of DSSCs employing solid HTMs remain lower than that of 

their liquid electrolyte-based counterparts, which could be attributed to the low electron 

conductivities of organic solid HTMs, incomplete penetration of solid-state HTMs into 

the pores of the mesoporous TiO2 electrodes and fast interfacial charge recombination 

from the TiO2 to HTM. 

 

2.1.3.5 The Sensitizers  

The ideal sensitizer used in DSSC has to meet several requirements that guide effective 

molecular engineering:  

(i) The sensitizer should be able to absorb all incident light below the near-IR 

wavelength of approximately 920 nm 

(ii) It must carry a carboxylate or phosphonate group to anchor on the surface of the 

semiconductor oxide 

(iii) The lowest unoccupied molecular orbital (LUMO) of the sensitizer must match 
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the edge of the conduction band of the oxide to minimise the energetic potential losses 

during the electron transfer reaction 

(iv) The highest occupied orbital (HOMO) of the sensitizer must be sufficiently low 

to accept electron donation from an electrolyte or a conductive hole material;  

 

The sensitizer, or dye monolayer, is the layer, which interacts with sunlight and therefore 

is an essential part of the DSSC. Typically, the metal oxide films are immersed in the dye 

solution for 12 to 24 h so that the dye molecules are adsorbed on the surface of the metal 

oxide nanoparticles. 

 

Ruthenizer 535-bisTBA (also known as N719) and Ruthenizer 535 (also known as N3 

dye) (Figure 2-2), have been the most efficient sensitizers in Dye Solar Cells which 

sensitize wide band-gap oxide semiconductors, like titanium dioxide, very efficiently up 

to a wavelength of 750 nm. The photovoltaic performance of black dye is expected to be 

superior to all other known charge-transfer sensitizers regarding the whole range of light 

absorption. However, the high cost, limited abundance and availability of noble metals, 

and the sophisticated synthesis and purification steps have pushed the scientific 

community to search for some metal-free organic dyes and natural dyes [57]. 

 

Yella et al. [58]. Synthesized a donor-p bridge-acceptor zinc porphyrin dye (YD2-o-C8) 

which suppresses the interfacial electron back transfer from the nanocrystalline TiO2 film 

to the oxidized cobalt mediator and leads to a strikingly high-power conversion efficiency 

of 12.3% under simulated air mass 1.5 global sunlight. 
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Figure 2-2 Different forms of organic dyes: Black Dyes, N3 and N719 [59] 

 

 Counter Electrodes in Dye-sensitized Solar Cells  

One of the most important components in DSCCs are the counter electrodes (CEs), which 

undertake three functions [60-64] (Figure 2-3):  

 

 

Figure 2-3 Fundamental processes and constituent components of DSSCs [65]  

 

(i) CE works as a catalyst, which supports (a) the completion of the process of the 

oxidised redox couple regeneration at the cathode by accepting electrons at the surface 

of the CE and (b) the process of the oxidised dye regeneration by collecting electrons 

via ionic transport materials in solid-state DSSCs. 
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(ii) The primary task of a CE is to act as a positive electrode of the primary cells, 

collecting electrons from the external circuit and returning them into the cell.  

 

(iii)  CE acts as a mirror, reflecting the unabsorbed light within the cell, to enhance the 

sunlight utilisation [64].  

 

Thus, an ideal CE have high catalytic activity with reasonable conductivity, a large 

surface area with acceptable reflectivity, optimum thickness with porous nature structure, 

low-cost, good stability, suitable electrochemical and mechanical properties and strong 

chemical corrosion resistance with well-matched energy levels. According to previous 

studies, an optimal CE is supposed to have a minimum 80% optical transparency at 

550nm wavelength, sheet resistance (Rs) value below 20 Ω sq-1 and charge transfer 

resistance (Rct) in 2-3 Ω cm-2 [66, 67]. It is difficult for a single material to achieve all the 

above parameters simultaneously along with the low overvoltage. In most cases, 

carbonised CEs have better performances in Rct and Rs, but have low optical transparency.  

 

The photovoltaic parameter of DSSCs is profoundly affected by the CE. The maximum 

photovoltage of the DSSCs can only exist within the well-defined theoretical system at 

zero current, determined by the energy difference between the redox potential of the 

mediator and the Fermi level of the semiconductor on the photoanode. The output is less 

than the open circuit voltage because voltage loss happens during the delivery of current 

through the electrolyte and the interface of electrolyte/CE, which is shown the overall 

overpotential in Figure 2-3. Specifically, the delivery of current through the electrolyte is 

mainly affected by two factors: the ionic conductivity of electrolytes, and transportation 
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of mediator species from the CE to the photoanode. For the latter, the delivery of current 

through the interface of electrolyte/CE, is determined by the electrocatalytic properties of 

the CE surfaces towards mediator reduction [68, 69]. To have better reduction of the 

redox couple, CEs with good conductivities and high electrocatalytic activities are highly 

desireable. However, the reduction reaction (I3
- + 2e →3I-) on indium tin oxide or FTO 

glass is not considered active [70, 71]. Therefore, catalytic materials must be coated with 

conducting substrates to accelerate the reaction.  

 

For better DSSC performance, various materials as CEs of DSSCs have been studied, 

such as platinum [72], other materials [45, 73-75], carbon materials [67], transition metal 

compounds [76-78], conductive polymers [79], and composites [80, 81]. To date, the 

most commonly used materials in DSSCs are carbon materials [65].  

 

2.2.1 Counter Electrode Active Materials in Dye-sensitized Solar Cells  

2.2.1.1 Platinum Counter Electrodes  

Platinum, a shiny and silvery-white metal, has excellent physical and chemical properties. 

Pt is considered a noble metal due to its stability in air or water, having an impressive 

resistance to corrosion, even at high temperatures. Also, Pt is generally unreactive, while 

it dissolves in aqua forming a chloroplatinic acid (H2PtCl6) [82]. Furthermore, Pt has 

excellent electrical and thermal conductivity, which can be used in the full range of 

applications, such as vehicle emission control devices [83], jewellery, chemical 

production and electrical applications.  

 

According to the process in Figure 2-3, a flexible CE material should have a low charge-

transfer resistance and high exchange current density, which is essential for the reduction 
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of the oxidised form of the charge mediator. The chemical and electrochemical stabilities 

of the materials in the electrolyte are important [60, 70]. Due to its high electrical and 

catalytic conductivities toward triiodide reduction, and high reflecting properties, 

platinum was first introduced as the counter electrode material of DSSCs in 1991 [1]. In 

1993, Nazeerudin et al. obtained a CE with a 10% light-to-electric conversion efficiency, 

and this is the first report of sputtering technique on Pt-based CE applications. 

Specifically, the 2սm-thick Pt film is deposited on the conducting glass (TCO), working 

as a mirror to reflect the un-absorbed light, which helps the of light harvesting efficiency 

[84]. Papageorgiou et al. produced a nanosized Pt catalyst through thermal decomposition 

of H2PtCl6 on the conductive surface of the TCO-coated glass, which has been widely 

applied as an effective method to prepare Pt CEs since then [70]. Fang et al. [85] then 

demonstrated that a Pt film with 2nm thinness was an optimised CE to obtain good 

catalytic activity towards triiodide reduction in DSSCs.  

 

There are many other techniques for nanoparticle Pt CEs preparation, such as 

electrochemical deposition, thermal vapour deposition, spray pyrolysis, deposition, 

electrochemical reduction, and thermal decomposition [18, 86-89]. All of these 

techniques require a significant amount of the expensive Pt [90]. In order to reduce the 

cost, Pt nanoparticles can be synthesised by the electrochemical reduction of 

hexachloroplatinate, or by the thermal decomposition of chloroplatinic acid, which only 

requireds small Pt quantities [71, 85, 91]. Pt nanoparticles are the best choice for a 

transparent and stable counter electrode due to the high surface area and higher density 

of catalytic sites [92].  

 

Catalytic activity can be enhanced through modifying the structural characteristics and 
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facets of Pt. 3-D nanostructures with high surface areas, such as multipods, nanowires, 

nanoflowers and nanotube emerged as promising materials for CEs [93-101]. Jeong et al. 

[102] successfully synthesised periodically aligned Pt nanocups (NC) with a controlled 

size, 300-600nm diameter and 400-800nm pitch, for surface area enhancement of CE by 

UV-based nanoimprint lithography (NIL) [102]. Scanning electron microscopy (SEM), 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) demonstrate 

that Pt NCs have a larger surface area, which results in greater catalytic activities towards 

the I-/I3
- redox species and lower impedance. The efficiency of Pt NCs is around 9.5%, 

while planar Pt has a 7.87% efficiency [102]. Also, Several similar studies have been 

done to understand the catalytic and photovoltaic behaviour of different Pt facets. Zhang 

et al. studied the catalytic reactions of Pt nanoparticles with different exposed facets like 

(100), (411) and (111) towards the I3
- reduction. [103], showing Pt (111) > Pt (411) > Pt 

(110). According to the EIS analysis curves, the Pt(111) had the lowest charger transfer 

resistance at 1.31 Ω cm2. Pt (111) facets for CEs in DSSCs, produce a conversion 

efficiency of 6.91% with a high current density at 16.29 mA cm-2 and voltage at 757 mV, 

which are better than Pt (411) and Pt (100) [103].  

 

Overall, Pt is an ideal CE active material for DSSCs due to its excellent conductivity and 

catalytic activities. To date, Pt-based CEs have increased the power conversion in DSSCs 

[45, 104-106]. However, there are still some disadvantages to be overcome:  

 

1) Due to the high price of platinum and its scarity, it is difficult to produce sizeable 

solar conversion system. The solar conversion industry would prefer materials that 

are abundant [107].  
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2) According to some reports [71, 89, 108], Pt might not be stable over prolonged 

periods of time in the electrolyte containing I-/I3- redox couple. It may undergo 

oxidation and dissolution forming PtI4 or H2PtI6, which raises significant concerns 

of the applications for Pt CEs in DSSCs.  

 

3) Apart from I-/I3- redox couple, Pt is not an effective CE active material for redox 

couples such as cobalt-complexes, T2/T- and polysulfide electrolytes used in 

DSSCs [45, 62, 92, 104, 109].  

 

Thus, future studies on Pt CEs should focus on developing new methods and Pt-based 

hybrid CEs to reduce the percentage of Pt.  

 

2.2.1.2 Other Metal Counter Electrodes 

Other than platinum, there are many more alternative metal materials which can be used 

as CE active materials.  

Ruthenium (Ru) is one of the noble metals in the platinum group with excellent heat 

conductivity and chemically stable properties. Furthermore, it has a low resistivity and a 

high work function, while the cost is lower than Pt [110]. Moreover, Ru can be fabricated 

by atomic layer deposition (ALD), introduced by Noh et al. [111], which is a low-

temperature and straightforward process. The best PCE of Ru is about 3.40%, optimised 

by Han et al. [112] in 2012. PCE of commercial Pt CE in DSSCs was reported around 

6.4%, while CEs based on Ru nanofibers had a better performance in PCE around 6.23% 

[113]. In summary, Ru is an attractive material for the counter electrode of DSSCs, which 

has high electrical conductivity, high electrocatalytic activity and outstanding 

electrochemical stability.  
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Iridium (Ir) is another choice for CE active material, because of its lower resistivity and 

low cost, which is 4.7 ×10-8 Ω m and $540 per oz t (2015), respectively. An Ir-based CE 

with PCE of 5.19% for the DSSC was discovered by Noh et al. [114] through the thermal 

evaporation technique in 2013. The PCE of the Ir-based CE reported by Mokurala et al. 

[115] was 7.2%, which was similar to Pt-based CE.  

 

Titanium (Ti) has attracted much attention because of the catalytic properties of its bilayer 

with Pt-group metals. Ti is a silvery-white metal with superior strength and durability. 

Due to the formation of a natural passivating oxide on the surface, it is considered the 

most stable and resistant metal to corrosion. Ti was used as a protective layer in Ti/Al 

composite CEs for DSSCs, specifically, the Ti layer was coated by a DC magnetron 

sputtering process to prevent corrosion of the Al layer [116]. However, the resistivity of 

Ti is much higher than Pt, which has adverse effects on the applications for CEs.  

 

Silver (Ag) has the highest electrical conductivity, thermal conductivity and reflectivity 

of any metal. Ag-based CE has high corrosion resistance and stability in DSSCs, 

especially in solid-state DSSCs [117-119]. A PCE of 5.1% was detected by Henry et.al. 

[117], who successfully enhanced the light absorption of the device by replacing Au 

electrodes with reflective Ag electrodes. 

 

Overall, there are many other alternative materials as mentioned above that can be used 

for CE active materials. All of these metals have excellent conductivity and catalytic 

activities, even more, some of them have better performance than Pt-based CEs. However, 

the reality of using these metals in large-scale industry is still impossible. Thus, alloy 

counter electrodes or Pt-free counter electrodes are highly recommended.  
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2.2.1.3 Alloy Counter Electrode  

An alloy is a combination of metals or a mixture of a metal and another element, with the 

capability of reducing the overall cost and endowing synergistic effects for the materials. 

It has been used in a wide variety of applications, especially in DSSC devices. To date, 

there are three different principal alloy CEs : Pt alloy CEs, Pt-free alloy CEs, and ternary 

alloy CEs [120], respectively. Some of the alloy-based CEs are summarized in Table 2-

1.  

Table 2-1 Photovoltaic parameters of alloy-based CEs in DSSCs [65] 

 

 

2.2.1.4 Carbon Counter Electrodes  

Carbon is well-known as one of the most abundant materials on Earth, and can be found 

almost everywhere. Carbon material is the ideal candidate to fabricate Pt-free CEs, 

because of the cost-effectiveness, environmental friendliness, corrosion resistance, and 

excellent catalytic activity towards the redox species. There are many carbon families, 
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such as activated carbon, graphene, carbon nanotubes, carbon nanofibers, and carbon 

black, that have been successfully applied as CEs in DSSCs [121-127].  

 

I. Carbon Black  

Carbon black (CB) in one of the industrial by-products of the petroleum process, which 

is widely used in printing toners. Carbon black is also an excellent active material for 

CEs, because of the high surface to volume ratio, superior conductivity and excellent 

electrocatalytic performance activity towards the I-/I3
- redox species.  

 

The active parts for catalysis of carbon materials are located at the edges of the carbon 

crystal. It is necessary to investigate the carbon-layer thickness, which has tremendous 

effects on the resistance of the materials and catalysis of carbon-based CEs. According 

to the report of Murakami et al. [128], the FF of the cell and carbon film are positively 

correlated, and the charge transfer resistance of the CE decreases simultaneously. 

More specifically, the thickness of the 14.47 սm film used in the CE provided excellent 

current density and voltage, and the efficiency was around 9.1%.  

 

Apart from the thickness, there are other factors such as particle size [129], preparation 

condition [130, 131], and electrolyte composition [131, 132] that can affect the 

electrochemical properties of carbon black, and the photovoltaic performance of the 

CB-based DSSCs. However, carbon black has raised significant health concerns 

because of its carcinogenicity [133].  

 

II. Carbon Nanofibers  

Carbon nanofibers (CNFs) are another carbon nanostructure, with one-dimensional 

fibrous structures. The diameters of CNFs may vary between a few nanometers to a 
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few micrometres, and the lengths are mostly around several centimetres [134, 135]. 

CNFs have been widely employed as active CEs in DSSCs. Joshi et al. [136] 

discovered CEs with electrospun carbon nanofibers (ECNs) for DSSCs, which 

achieved a PCE of 5.5%. The ECN showed lower charge-transfer resistance and fast 

reaction rates in I-/I3
- redox couple systems. CNFs with various structures in DSSCs 

might cause different results in PCE, for instance, antler and herringbone structured 

CNF CE had a PCE of 7.0% [137], while hollow core/highly mesoporous shell 

structured CNF CE had a PCE of 7.21% [138].  

 

The active surface area of CNFs CE is limited due to the large dimensions of CNFs. 

Therefore, a larger thickness is required, which is the disadvantage of these carbon 

nanofibers.  

 

III. Carbon Nanotubes  

Carbon nanotubes (CNTs) are cylindrical structured carbon materials, formed by one-

atom-thick sheets of carbon. CNTs are generally divided into single-walled (SWCNT) 

and multi-walled carbon nanotubes (MWCNT), in which, the former may contain one 

concentric shell of a graphene sheet with the diameters of 0.8-2 nm, while the latter 

have more with larger diameters of 5-20nm. It has been confirmed  that CNTs have 

excellent electrical conductivity, thermal conductivity and mechanical strength, which 

are ideal for CEs applications in DSSCs [139, 140].  

 

The first report of using SWCNTs as CE was carried out by Suzuki et al.in 2003, who 

achieved a PCE of 4.5% under the same condition of fabricating the Pt-sputtered CE 

[141]. Lee et al. focused on preparing MWCNTs as CEs in DSSCs and got a PCE of 
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7.7% [142]. To compare the SWCNTs and MWCNTs as CE materials in DSSCs, 

Ouyang et al. prepared binder-free CNTs films and showed that the SWCNT based 

DSSCs had a PCE of 7.81%, while a PCE of 7.63% of the MWCNT-based device. 

They also investigated the charge transfer resistance (Rct) between these two CEs. 

SWCNT based DSSCs had a lower Rct of 0.6 Ω cm2 due to its larger surface area. Nam 

et al. summarised two different methods of preparing CNTs CEs in DSSCs in 2010 

[143]. First was the screen-printing technique, dispersing MWCNT randomly on FTO 

glass. Second was using a catalytic chemical vapour deposition method to produce the 

CNTs CEs in DSSCs, which resulted in a PCE of 10.04%.  

 

In summary, to date, CNTs show excellent conductivity and catalytic properties. 

However, it is still difficult to apply CNTs as CEs on a large scale because of the high 

expense.  

 

IV. Graphene  

Graphene is one of the most popular carbon-based materials due to its exceptional 

electrical, thermal, optical, and mechanical properties [127, 144-148]. Graphene is 

highly recommended to replace Pt in DSSCs, as its excellent conductivity and high 

specific area can reduce the charge transfer resistance (Rct).  

 

There are many different techniques to produce graphene nanosheets(GNs)-based CEs 

for DSSC, for instance, chemical reduction of graphene oxide colloids under 

microwave irradiation [149], electrophoretic deposition (EPD) followed by annealing 

[150, 151] and thermal exfoliation from graphite oxide (GO) [152]. Among the above, 

the most efficient is producing GNs by hydrazine reduction based on exfoliative 
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graphene. GN-based CEs PCE could reach 6.8% under the 400ᵒC annealing 

temperature, which is an essential factor for GNs [153]. Roy-Mayhew et al. fabricated 

a porous network of thermally reduced graphene oxide films as CEs, with PCE of 5.0% 

in DSSCs. The results showed that the catalytic activity could be enhanced by 

introducing oxygen species.  

 

C3H6N6 and (C6H5)3P as the N and P source were introduced into a ball-milling process 

to produce N- and P-dual-doped graphene (NPG) in 2016 [154]. NPG-based CEs 

enhanced the photovoltaic performance of DSSCs by the synergistic effect of dual-

doped N and P heteroatoms, resulting in a PEC of 8.5%, which was higher than Pt-

based CEs PCE. Graphene-based edge-halogenated nanoplatelets CEs and layer-by-

layer assembled GN CEs have produced a PCE of 10.31% [155] and 9.54% [156], 

respectively.  

 

In summary, graphene shows excellent performance in the CE of DSSCs. However, 

due to the difficulty in reducing the cost, it is hard to produce commercially. 

 

V. Other Carbon Materials  

Apart from CB, CNFs, CNTs and GNs, there are still many other carbon materials, 

such as mesoporous carbon materials [61, 157], graphite [158], porous expanded 

graphite (EG) [159] and carbon-based composites materials[62, 160, 161] that can be 

used in CEs. The photovoltaic parameters of DSSCs based on carbon CEs are 

summarised in Table 2-2. Carbon materials are one of the most competitive candidates 

among Pt-free CE materials, demonstrating high catalytic activity with reasonable 

conductivity, a large surface area with acceptable reflectivity and optimum thickness 

with porous nature structure. However, carbon CEs have poor adhesion to the substrate 
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and may cause difficulties in solar industries.  

Table 2-2 Photovoltaic parameters of carbonaceous CEs in liquid-junction cells [65] 

 

 

2.2.1.5 Polymer Counter Electrodes 

Conductive polymers are potential materials for Pt-free CEs because of their facile 

synthesis, porous structure, electrical conductivity, and low cost. They have been 

developed for four generations since first discovered [162]. They are widely used in both 
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laboratory and industry [163]. The biggest advantage of using conductive polymers for 

CEs in DSSCs, is their processability [164]. The photovoltaic parameters of DSSCs using 

conductive polymers as CEs are shown in Table 2-3.   

Table 2-3 Photovoltaic parameters of polymer-based CEs in DSSCs [65] 

 

 

Conductive polymers have reasonable performance. Poly (3, 4-ethylenedioxythiophene), 

PEDOT, has the best results but the cost is high. Polypyrrole (PPy) based CEs are less 

expensive, but their performance is lower than PEDOT. Polyaniline (PANI) based CEs 

have good performance and low cost, but may have difficulties with instability, self-

oxidation and carcinogenicity [62].  

 

2.2.1.6 Transition Metal Compound Counter Electrodes  

Apart from metal-based, carbon-like, and polymer compounds CE materials, there are 

many other alternative materials which may replace Pt. Early transition metal compounds 

(TMCs) have been widely used as CEs in DSSCs, due to their close similarity to noble 

metal Pt. However, the electron transportation between the TMCs and conducting 
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substrates is unreliable, which may cause poor conductivity in TMCs. There are various 

transition metal compounds, such as transition metal sulphides, transition metal 

carbides/nitrides, and transition metal oxides. The photovoltaic parameters of DSSCs 

based on transition metal compounds CEs are summarised in Table 2-4.  

Table 2-4 Photovoltaic parameters of DSSCs based on  

transition metal compounds CEs [65] 

 

 

In summary, the counter electrode has a significant influence in DSSCs, including the 
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photovoltaic performance and cost. It is necessary for CEs to have high conductivity, 

excellent catalytic activity and reasonable stability to regenerate the electrolyte. Platinim 

metal has the best results in all requirements, but the cost limits large scale applications. 

Carbonaceous materials may be perfect candidates to replace Pt. Amongst the all carbon-

based Pt-free CEs, Au/GNP (graphene nanoplatelet) has the most outstanding 

performance in DSSCs, with PCE of 14.3%. However, the conductivity and catalytic 

activity of carbon-based CEs need improvement. Conductive polymers also play an 

essential role in the material family, due to their flexibility, transparency, easy preparation 

and modification. Unfortunately, TMCs-based DSSCs have a lower performance than 

devices with other Pt-free CEs.  

 

The power conversion efficiency (PCE) of DSSCs can be as high as 15% in the near 

future. To fill this massive gap between current and future PCE, counter electrodes, as a 

crucial component of DSSCs, should play a more prominent role. Regarding the research 

area of counter electrode active materials, there may be limited room for improvment. 

Thus, future development should focus on using different methods and developing new 

techniques.  

 

The properties of CE materials are highly depandent on their structure [165, 166]. The 

particle size, surface area, and morphology of the CE materials are highly influenced by 

the preparation methods, and result in different catalytic and electrochemical properties 

of the electrodes. With the development of counter electrode active materials in recent 

years, a variety of preparation techniques are reported, such as thermal decomposition, 

electrochemical deposition, chemical reduction, physical/chemical vapour deposition, 

and hydrothermal reaction. One of the most effective approaches in these methods is 
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introducing exterior elements into existing material structures, also known as doping. 

[103, 167-169]. 

 

2.2.2 Doping Strategies for Counter Electrode Materials in Dye-sensitized Solar 

Cells 

2.2.2.1 In Situ Doping 

An in-situ strategy has been widely developed with many different approach methods, 

such as chemical vapor deposition (CVD), ball milling, and bottom-up synthesis, etc. 

 

I. Chemical Vapor Deposition (CVD) 

To improve the performance of carbon-based CEs in DSSCs, heteroatom doping, such 

as boron (B) [170, 171], nitrogen (N) [172, 173], phosphorus (P) [174, 175], sulphur 

(S) [176], halogen and silicon, has been explored as an efficient approach to tailor 

intrinsic catalytic activities of carbon materials because of the electronegativity 

differences between carbon and heteroatoms [177]. The chemical vapour deposition 

(CVD) method is widely used in heteroatoms doping processes. Xu et al. [178] 

successfully synthesised phosphorus-doped porous graphene nanosheets via CVD 

with Mg3 (PO4)2 and applied them as CE in DSSCs. The obtained porous Mg3 (PO4)2 

was placed into a vertical CVD quartz reactor at 900ᵒC with 800 sccm argon and CH4 

flow. In this case, Mg3 (PO4)2 was the phosphorus (P) source and template, while CH4 

was used the carbon source. The Pt-based CE in DSSC exhibited a short-circuit current 

density (Jsc) of 14.74mA cm-2, an open-circuit voltage (Voc) of 730eV, and a PCE of 

7.19%. However, the P-doped porous graphene-based (P-G) CE had better 

performances in both Jsc and Voc, at 14.82mA cm-2 and 721 eV, respectively. All the 

photovoltaic performances of DSSCs with P-G based CE were enhanced due to the 
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combination of phosphorus and graphene nanosheets. Ahn et al. reported another 

CVD-grown p-doped three-dimensional graphene networks (3D-GN), which 

demonstrated superior performance to Pt as a CE material in DSSCs, with a maximum 

PCE of 8.46%. [179]. CVD methods have also been used for nitrogen doping of 

graphene foams (N-GF), used as metal-free CEs in DSSCs. The freeze-dried graphene 

oxide foams were placed in a quartz tube at 800ᵒC with ammonia/argon (400 sscm: 

400 sscm) gas flow for 1 h. The PCE of N-GF CE in DSSCs was around 7.07% [180].  

 

Despite their performance, CVD approaches are costly, because of the condition of 

high temperature and the long reaction time required.  

 

II. Ball Milling  

The ballmilling process is a simple, economical and environmentally-friendly doping 

technique. Jeon et al. discovered CEs based on edge-nitrogenised graphene 

nanoplatelets (NGnPs) with excellent catalytic performances in DSSCs.  

 

NGnPs were synthesised by ball milling the pure graphite flake in a ball-mill machine 

with nitrogen (N2) (Figure 2-4). Specifically, 5 g graphite was loaded into a 500ml 

stainless steel ball-mill capsule, which was then sealed and filled with N2, followed by 

five-charging-discharging cycles. In the process, active carbon species reacted directly 

with N2 to form aromatic rights at the cracked broken edges, leading to NGnPs-based 

CEs in DSSCs with a PCE of 74.1%.  
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Figure 2-4 A schematic representation of physical cracking of graphite flake in a Ball-

mill crusher (500 mL) containing stainless steel balls (500.0 diameters 5 mm) a gitated 

at 500 rpm for 48 h in the presence of nitrogen and subsequent exposure to air to 

produce NGnPs [181] 

 

Yu et al. synthesised a metal-free high-efficiency CE by nitrogen and phosphorus dual-

doped graphene (NPG) in 2016. In the study, graphene oxide (GO) was mixed with 

melamine (C3H6N6) and triphenylphosphine as N and P source, followed by ball 

milling. The resulting NPG-based CE in DSSCs demonstrated a remarkable PCE of 

8.75%, which was much higher than single-component N-doped/P-doped electrodes.  

 

2.2.2.2 Post-synthesis Treatment  

Many post-synthesis strategies have also been explored, such as thermal annealing, wet 

chemical methods, and plasma treatment. 

I. Thermal Annealing  

There are few reports of synthesis of active CEs by annealing functional materials.  

Fang et al. successfully fabricated boron-doped graphene (BG) as a CE for DSSCs in 

2014 [170] (Figure 2-5). In the report, the BG was produced by directly annealing a 

mixture of B2O3 and graphite oxide (GO) at 1200ᵒC for 4 h, with a particular mass 



CHAPTER 2 

55 
 

ration of 1:2. The BG-based CE in DSSC showed a Jsc of 13.93mA cm-2, a Voc of 

730eV, and a PCE of 6.73%. 

 

 

Figure 2-5 Illustration of the synthesis process for boron-doped graphene (BG) [170] 

 

According to the study by Wang et al., porous sulfur-doped reduced graphene 

oxide/MoS2 (S-rGo/MoS2) composites were successfully synthesised through a one-

step annealing method (Figure 2-6). Reduced graphene oxide (RGO) and sodium 

molybdite (MoS2) were annealed at 650ᵒC for 2 h with CS2 vapor in a tube furnace 

filled with argon flow at the rate of 100 sccm. The S-rGO/MoS2 CE DSSCs 

demonstrated an excellent electrocatalytic activity with a PCE of 6.96% [182].  

 

 

Figure 2-6 Schematic illustration of the synthesis of S-rGO/MoS2 composites [182] 

 

Doping efficiency and the bonding configuration depend on operating temperature and 

the chosen precursors [183-185]. Thus, annealing temperature optimization and 

doping sources selection are highly recommended for future studies  
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II. Wet Chemical Methods  

Wet chemical treatment is a common method for graphene-based counter electrode 

fabrication. S-doped Co3O4/rGO CE was obtained by the wet chemical approach, 

reported by Jiang et al. in 2018 [186]. According to the study, 7 mg of GO was 

dissolved into 50 ml of water, mixed with 36 mg of mesoporous Co3O4 nanosheet and 

100 mg of Na2S2, which was the sulfur source. The wet chemical reaction was carried 

out in Teflor-lined autoclave and was maintained at 90ᵒC for 24 h. The S-doped 

Co3O4/rGO based CE in DSSCs demonstrated a remarkable PCE of 8.25%.  

 

In summary, several doping strategies for counter electrodes in DSSCs have been 

investigated above. Most of these methods have low yields with high cost but require 

complex procedures and harsh conditions. Thus, a simple but efficient doping approach 

for fabrication of high-performance electrocatalysts is necessary.  

 

 Vapor-phase Hydrothermal (VPH) Method 

2.3.1 General Review of Vapor-phase Hydrothermal Method 

There are many limitations of solution-based routes, such as long-time reaction time, 

solution-sensitive crystallisation selection and chemical waste problems, which are 

drawbacks for preparing functional materials with well-defined morphology, structure, 

and composition [187, 188]. Vapor-phase hydrothermal (VPH) method has the potential 

to solve the problems of solution-based reactions and has been applied as an effective 

method in materials fabrication. Specifically, the reactants are deposited on the substrate 

above the solvents in an autoclave, and the reaction is activated by the vaporised solvent 

steam under specific temperatures and pressures.  
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The Vapor-phase hydrothermal (VPH) method was first introduced by Xu et al.[187], 

who successfully synthesised zeolite ZSM-5. In his study, VPH was carried out in a 

reactant autoclave, including container, amorphous gels, stainless steel supporter and 

solution phase. The consumption of organic reagents decreased, while higher productivity 

was obtained than with solution-based routes. Moreover, the waste liquid may also be 

eliminated in the VPH process, due to the multiple circulars of mixed solvents in the 

closed reactor. Furthermore, Si and Al atoms were fully crystallised through a VPH 

method, which was a tremendous achievement for crystallization of raw materials. VPH 

can also help the crystal phase transformation, which is a difficult challenge in solution-

based methods [189]. 

 

There are a variety of applications using the VPH approach in the fabrication of metal 

dioxides and inorganic functional materials with well-controlled morphologies and 

structures. Zhang et al [190], successfully synthesised ZnO/TiO2 layers using water steam 

treatment. Specifically, 6 mm TiO2 nanoparticles were immobilized on a single-

crystalline tetrapod-like ZnO, transforming into uniform TiO2 layers with a tuneable 

thickness significantly enhanced photocatalytic activity. An impressive 3D honeycomb-

structured PS/TTIP hybrid film was investigated by Zhao et al.[191], who transformed 

the film into a photoactive TiO2 film. The VPH approach helped maintain the original 3D 

structure of the PS/TTIO hybrid film for the composite, which cannot be fabricated 

through hydrothermal methods because the film is difficult to form in solution and the 3D 

structure might be destroyed during the post-thermal treatment process.  

 

The VPH formation mechanisms are also important and were first indicated in 2002 by 

Matsukata [192], who found the crystallization behaviour of synthesised zeolite beta 
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during the VPH process. Liu et al. presented nanotubes with external diameters of 50-80  

nm and 10 nm thick walls that were directly synthesised by a facile VPH method, and 

investigated a distinctive nanosheet roll-up mechanism under VPH conditions [193]. Liu 

et al. also demonstrated that the properties of target materials might transform into 

different phases when changing the solvents in the VPH process, i.e. they found a new 

intermediate crystal was turned into [001] faceted anatase TiO2 nanosheets. The VPH 

reaction environment is different from that of liquid-phase hydrothermal, and can be used 

to control the growth of the nanostructure [194]. It is necessary to mention that the 

structure and morphology of the resultant VPH products might also be affected by gravity. 

Zhang et al.[195] found that well-defined ZnO nanotube and nanorod array films were 

grown on the top and bottom surfaces, respectively, of the substrate in the same VPH 

condition. VPH can also reduce the reaction time, due to all relevant chemical reactions 

occurring in the reactors, where a thin liquid layer forms on the substrate surface and the 

dissolved products can readily supersaturate in the reaction zone [193].  

 

In summary, the VPH method is mostly used for the fabrication of new and novel metal 

dioxide and inorganic electrocatalysts with well-grown structure and crystallinity. There 

is still enormous room for improvement for VPH, which is useful in the synthesis of the 

counter electrode for DSSCs.  

 

2.3.2 VPH as Doping Strategies for Counter Electrode Materials in Dye-sensitized 

Solar Cells 

The VPH method is a possible ideal approach for developing non-precious-metal-

based high-performance electrocatalysis as counter electrodes. Firstly, the VPH 

reaction is faster than in solution based hydrothermal conditions, mainly due to the 
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mass transfer having a limited reaction zone, which is localized at the substrate 

under fast vapour/liquid equilibrium. Thus, the reaction route is more efficient to 

reduce time and energy. Secondly, the solution in the VPH reaction can be reused, 

which has a positive impact on product reproducibility and waste disposal. 

Moreover, novel morphologies and structures may result from during the VPH 

reaction, due to the unique dissolution and crystallisation pathway. Furthermore, 

the high concentration reaction environment in the VPH reaction is useful for some 

fabrications, which have specific requirements.  

 

Various active site creation/enrichment strategies have been investigated under 

VPH treatment, for instance, morphological control, surface engineering and 

anchoring onto porous supports [103, 196, 197]. Zhao et al. synthesised a 3D 

honeycomb-structured PS/TTIP hybrid film with a photoactive TiO2 film by VPH 

modification method [196]. Liu et al. [193], successfully grew vertically aligned 

titanate nanotubes on a titanium foil substrate through VPH treatment. Zhang et al. 

[195] obtained a new structure as ZnO single-crystal nanotube and nanorod array 

films were concurrently fabricated on the top and bottom surface of the same zinc 

foil substrate.  

 

One of the most effective approaches is introducing exterior elements into existing 

materials structures, otherwise known as doping [167, 198]. Zhang et al. 

transformed inactive In2O2 into a high-efficiency catalyst by introducing a small 

amount of interstitial nitrogen via a low cost and facile one-step solution method. 

The dopant content has a significant impact on the richness of active sites in 

electrocatalysts [199]. According to Datta et al., robust F-doped tin oxide 
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demonstrated a remarkable electrochemical activity. Various metals were also 

introduced into optimized Sb-SnO2 electrodes, such as Fe (III), Ni (II), Co (II), Ru 

(III), Ce (III) and Pd (II) by Yang et al. who successfully boosted the 

electrocatalytic activities of these metal-doped SnO2 electrodes [200].  

 

However, it is still a significant challenge to introduce high dopant content through 

bulk doping methods. As high dopant contents are destructive to the original crystal 

structures, it is impossible to fabricate electrocatalysts with controlled structure and 

designed chemical composition, especially for anions doping cases, which have 

maximum dopant contents less than 10%. Gong et al. successfully obtained 

nitrogen-doped carbon nanotube arrays with high electrocatalytic activity, with 

only ~ 4% nitrogen content [167]. After introducing ~3% content fluorine, p-type 

Co3O4 was confirmed with a remarkable improvement in photocatalytic 

performance [201].  

 

Tan et al. achieved a unique 47% doped sulphur content on the surface of Co3O4 

nanosheets, leading to application in a counter electrode in DSSCs. This is the first time 

VPH  was used as a doping approach to obtain an extremely high S-doped electrocatalyst 

as a counter electrode [202, 203]. The VPH doping approach was carried out at mild 

conditions of 90ᵒC within H2S-rich reactor for only 6 hours. The resultant counter 

electrode active material remained the original metal oxide crystal structure, but with high 

doped sulphur content on its surface, which can be attributed to the selective surface 

doping via VPH method. The obtained S-doped electrocatalyst as a counter electrode 

showed an excellent performance, with a PCE of 7.79%.  
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In summary, VPH as doping strategies have been proven the effectiveness and superiority 

comparing with other doping methods, especially in high anions doped 

electrocatalysis fabrication with controlled structure and designed chemical 

composition for counter electrodes actives materials in DSSCs. 

 

 Important Characterization Techniques for Dye-sensitized Solar 

Cells 

2.4.1 Electrochemical Characterization Methods  

The DSSC device represents a complex architecture of functional inorganic and organic 

materials in nanometric and thin film forms configured as an intricate assembly. 

Moreover, it works under optical excitation and involves several phenomena such as 

exciton formation, exciton ionization, charge separation, recombination, and transport. 

Electronically speaking these effects finally manifest themselves as resistances and 

capacitances or impedances, which control the voltages and currents. Elucidation of these 

factors by direct experimental measurements can throw light on several aspects about the 

cell architecture and can help identify and solve the related problems to get the best 

performance parameters. Indeed, given the existence of several complex and 

interconnected events in the overall solar cell performance, isolating effects across 

different interfaces and in different components of the cell design is necessary to 

understand what is going right and what may be going wrong. This section deals with a 

detailed discussion of some important characterization techniques that can be effectively 

used to understand, improve and optimise the DSSC device performance. These 

techniques include impedance measurement that is used to measure the internal 

impedance of the various components of the solar cell, cyclic voltammetry analysis for 

the catalytic determination properties of the counter electrode and the energy levels of the 
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dye or electrolyte, and finally the Tafel polarization method for determining the properties 

of the counter electrode. Employing these techniques in combination helps elucidate the 

critical reasons behind a specific performance of a given device. 

 

2.4.2 Electrochemical Impedance Spectroscopy (EIS)  

The J-V (Current Density-Voltage) measurement of a solar cell is the primary 

measurement which tells us about the overall performance of the device regarding its 

efficiency, but it prodives very little information about the limiting factors and resistances 

of individual sub-components of the architecture that hinder the device performance. 

Electrochemical impedance spectroscopy (EIS) is an advanced technique that can be used 

to study the charge transfer resistance and interfacial capacitances that are present in a 

DSSC internal equivalent circuit including contact resistances. Time constants can also 

be measured by using the EIS equivalent circuit parameters to determine the mechanism 

of electron transport through the semiconductor. 

 

Electrical resistance can be defined as the ability of a circuit element to resist the flow of 

electrical current. Ohm's law defines resistance regarding the ratio between voltage, V, 

and current, I. 

Ohm’s Law 

R = V/I  

 

However, the well-known Ohm’s law has its limit. It can only be used for systems with 

only one circuit element, i.e. an ideal resistor that must have several properties such as 

1).It obeys Ohm's law at all current and voltage levels. 2).It shows resistance that is 
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independent of frequency, and 3).AC and voltage signals through resistors are always in 

phase with each other 

 

In real device systems, the circuit elements show much more complex behaviour which 

implies that we must rely on ‘impedance’, a more complex circuit parameter which 

mainly represents the collective response of the device elements to an electronic current 

or voltage stimulus. As a resistance, impedance is also a measure of the ability of a circuit 

to offer a specific response to the flow of electrical current, but it is not limited to only 

the properties listed above. While impedance is a general term applied to a combination 

of resistances, capacitances and inductances, due to the specific hybrid character of the 

DSSC device, herein we must primarily deal with electrochemical impedance. 

Electrochemical impedance is usually measured by applying an AC potential to an 

electrochemical cell and measuring the current through the cell. If we apply a sinusoidal 

potential excitation, the response to this potential is an AC signal which can be analysed 

as a sum of sinusoidal functions. Electrochemical impedance is normally measured using 

a small excitation signal to maintain the response of the cell in the pseudo-linear regime. 

The characteristic of a pseudo-linear system is that the sine wave current response to a 

sine wave applied potential will also be a sine function observed at the same frequency 

but may be shifted in phase.  

 

An expression for impedance (Z) of the system can be derived like the Ohm’s law with 

potential and current functions as: 

An Expression for Impedance (Z) 

Z = Et/It = Eо Sin (ωt)/ Iо Sin (ωt +φ) = Zо Sin (ωt)/ Sin (ωt +φ) 
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The impedance can be expressed in terms of a magnitude, Zo, and a phase shift, φ. If 

the impedance is represented as a complex function, the potential is described as, 

Et = Eо exp (jωt) 

 

And the current response as, 

It = Iо exp (jωt- φ)  

 

The impedance (Z) is represented as a complex number, 

Z(ω) = E/I = Zо exp (jφ) = Zо (cos φ + j sinφ)  

 

In the impedance measurement, the system is normally kept in a steady state followed by 

applying an AC potential and measuring the AC current through the cell. The universally 

accepted method allows for complex impedance and the phase shift measurements at a 

particular frequency. Using equivalent model circuits (which could have different 

alternatives based on dissecting an actual device into component structures), impedance 

parameters can be assigned for individual internal components of the cell. In addition to 

the scanning frequencies, the EIS parameters can also be obtained under various 

conditions of the steady state, i.e. different bias voltages or illumination intensities, to 

generate thorough knowledge of the behavior of the various elements. The impedance 

data can be represented in various forms like the Nyquist plot and Bode plot. 

 

A) The Nyquist Plot  

A typical Nyquist plot is present in Figure 2-7. 
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Figure 2-7 A typical Nyquist plot [204] 

 

The expression for Z (ω) in equation (v) has a real and an imaginary part. If the real 

part is plotted on the x-axis and the imaginary part on the y-axis of a chart, that is a 

Nyquist plot. 

 

The y-axis is negative (capacitive impedance), and each point on the Nyquist plot is 

the impedance at one frequency. On the plot, the impedance can be indicated as a 

vector (arrow) of length |Z|. The angle between this vector and the x-axis is generally 

named as the phase angle, φ. The semicircle on a Nyquist plot is characteristic of a 

single time constant. Electrochemical impedance plots mostly include several 

semicircles. However, these Nyquist plots have one major limitation: they do not give 

the complete information on the exact frequency that was used to record one point. 

 

B) The Bode Plot 

Another important representation of the EIS measurement is the Bode phase plot. The 

impedance is plotted with log frequency on the x-axis and the phase-shift on the y-
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axis. Unlike the Nyquist plot, the Bode plot gives the complete frequency information. 

 

2.4.3 Cyclic Voltammetry  

Cyclic voltammetry or CV is a type of electrochemical measurement, which is performed 

by varying the potential. In a cyclic voltammetry experiment, the working electrode 

potential is increased linearly with time similar to linear sweep voltammetry. Unlike linear 

sweep, voltammetry, which ends when the working electrode reaches a set potential, in 

cyclic voltammetry, when the working electrode reaches a set potential the direction of 

the potential scan is inverted. The current at the working electrode is plotted versus the 

applied voltage to give the cyclic voltammogram. Cyclic voltammetry is generally used 

to study the electrochemical properties of an analystic in solution. It is widely used to 

study a variety of redox processes, for obtaining stability of reaction products, the 

presence of intermediates in oxidation-reduction reactions [205, 206], electron transfer 

kinetics [207], and the reversibility of a reaction [208].  

 

The electron stoichiometry in the system can also be determined through CV. More 

specifically,  the diffusion coefficient of an analyte, and the formal reduction potential, 

which can be considered an identification tool [209]. Cyclic voltammetry can be applied 

for DSSCs to study the redox properties of the counter electrode which involves electron 

transfer from the counter electrode to the electrolyte for reduction of tri-iodide ions which 

help in regeneration of oxidised dye. It can also be extended find the HOMO-LUMO 

levels of dye and redox potential of the electrolyte.  

 

2.4.4 Tafel Polarization Curve 

The Tafel equation is an electrochemical equation relating the rate of electrochemical 
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reaction to its over-potential. The Tafel equation can be written as: 

ε = a + b log J 

 

Where ε is the potential (overpotential), J is the current density, a is the empirical 

constant while b is the Tafel slope. A plot of log J (current density) vs the applied 

potential (V) is known as a Tafel plot. It is useful in evaluating kinetic 

parameters[103].  

 

Primarily the Tafel plot is used to measure the corrosion properties of the electrode. The 

corrosion resistance and the exchange current density are the parameters extracted from 

the Tafel plot. The exchange current is the current at equilibrium, i.e. the rate at which 

oxidised and reduced species transfer electrons with the electrode. Thus, the Tafel plot 

can be used to study the electron transfer reactions between the electrodes and the 

electrolyte. This concept can be extended to counter electrode DSSCs where triiodide 

ions from the electrolyte are reduced to iodide ions by the counter electrode. These iodide 

ions in turn help in regeneration of the oxidised dye. Thus, the conversion of I3
- to I- is a 

crucial step, which can be monitored using the Tafel plot. 

 

2.4.5 Structure Characterizations Techniques  

I. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is used to realise structural properties of materials and obtain 

information like crystal structure/phase, lattice parameters, crystallite size, the 

orientation of single crystals, preferred orientation of polycrystals, defects, and strains 

[210]. This technique is suitable for thin films, bulk and nanomaterials. In the case of 

nanostructures, the change in lattice parameters with respect to bulk gives an idea of 
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the nature of strain present in the film. In XRD, a collimated monochromatic beam of 

X-rays is incident on the sample for diffraction to occur (Figure 2-8). Constructive 

interference occurs only for certain ’s correlating to those (hkl) planes, where path 

difference is an integral multiple (n) of wavelength. Based on this, the Bragg’s 

condition is given by 

2dsin = n



Where  is the wavelength of the incident X-ray, d is the inter-planer distance,  is 

the scattering angle, and n is an integer-called order of diffraction.  

 

 

Figure 2-8 Representation of X-ray diffraction [211] 

 

In nanostructures, X-rays are diffracted by the oriented crystallites at an angle to satisfy 

the Bragg’s condition. Knowing the value of  and , one can calculate the inter-planer 

spacing. The XRD can be taken in various modes such as  - 2 scan mode,  - 2 

rocking curve, and  scan. In the  - 2 scan mode, a monochromatic beam of X-rays 

is incident on the sample at an angle of  with the sample surface. The detector motion 

is coupled with the X-ray source in such a way that it always makes an angle 2 with 
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the incident direction of the X-ray beam. The resulting spectrum is a plot between the 

intensity recorded by the detector versus 2. 

Angle of Incidence (i) = Angle of Reflectance (r) 

 

This is done by moving the detector twice as fast in () as the source. So, only where 

i = r, will be the intensity of the reflected X-rays to be measured.  

 

Nanomaterials have smaller sized crystallites and significant strains due to surface 

effects, causing considerable peak broadening and shifts in the peak positions with 

respect to standard data. 

 

The -2 scan maintains these angles with the sample, detector and X-ray source. From 

the shifts in the peak positions, one can calculate the change in the d-spacing, which 

is the result of a change of lattice constants under strain. The crystallite size (D) is 

calculated using Scherrer’s formula: 

D = k λ / β cosθ 

 

Where, k = Scherrer’s Constant ≈ 0.9,  

β = Full Width at Half Maximum (FWHM).  

 

The only disadvantage of XRD is its low sensitivity towards low-Z materials, thus 

high-Z materials can be better characterized. In such cases, electron or neutron 

diffraction is employed to overcome the low intensity of diffracted X-rays. 

 

II. Transmission electron microscopy 
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Transmission electron microscopy (TEM) [212, 213] is an imaging technique whereby 

a beam of electrons is focused onto a specimen causing an enlarged version to appear 

on a fluorescent screen or a layer of photographic film, or to be detected by a CCD 

camera. TEM operates on the same basic principles as the light microscope but uses 

electrons instead of light. The line diagram of a typical TEM column is shown in 

Figure 2-9. The column consists of a source of electrons, electrodes for electron 

acceleration, electromagnetic focusing and deflecting lenses and the electron detection 

system such as a CCD array. By using electron energy of several hundred kilovolts the 

de Broglie wavelength associated with the electron can be reduced to a small fraction 

of nanometer, and hence atomic resolution imaging becomes feasible. TEM is used for 

determining size, shape and arrangement of the particles which make up the specimen. 

Moreover, it is highly useful for the determination of the lattice planes and the 

detection of atomic-scale defects localised in areas of a few nanometers in diameter 

with the help of selected area electron diffraction (SAED) technique. The d spacing 

between lattice planes of crystalline materials can be calculated from a SAED pattern 

using the relationship: 

dr = λL 

 

Where L is the distance between the specimen and the photographic plate, λL is 

known as the camera constant, and r is the radius of diffracted rings.  
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Figure 2-9 Schematic diagram of the Transmission Electron Microscope [214] 

 

It is possible to measure directly from the photographic plate, and λL can be 

established from the instrument by calibrating it with a standard material (usually 

Ag), and hence one can quickly get d values. Since each d value corresponds to a 

specific lattice plane for a specific crystal structure, description of the crystal 

structure of a crystalline specimen can be obtained from the SAED pattern. In some 

cases, the SAED pattern is more helpful than the XRD, due to the limited detection 

limit of the XRD instrument. In addition, the XRD generally gives global 

information. 

 

The TEM measurements in the present work were performed on a JEOL JEM-1200EX 

instrument operating at 300 kV, camera length of 80 cm and field limited aperture of 

100 μm. Before TEM measurements, the samples were dispersed in a suitable organic 

solvent (isoamyl acetate, methanol, acetone, toluene, etc.) and a drop of the solution 

was poured on a carbon-coated copper grid of 400-mesh size. The film formed on the 

TEM grids could dry for 2 min after which the other solvent was removed using a 

blotting paper, and the TEM and SAED measurements were performed. The image 
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and diffraction analysis were performed under an accelerating voltage of 300 kV. 

Experimental electron diffraction patterns of various samples were compared with the 

simulated electron diffraction patterns of the corresponding phases. Electron 

diffraction ring patterns were simulated using the computer program JECP/PCED. 

 

The TEM measurements use a beam of electrons focused on a diameter spot of 

approximately 1 nm in diameter on the surface of the specimen and scanning back and 

forth across the surface (beam energy of 200 kV). The surface topography of a 

specimen is revealed either by the reflected (backscattered) electrons generated or by 

electrons ejected from the specimen as the incident electrons decelerates secondary 

electrons. A visual image, corresponding to the signal produced by the interaction 

between the beam spot and the specimen at each point along each scan line, is 

simultaneously built upon the face of a cathode ray tube in the same manner by which 

a television picture is generated. The best spatial resolution currently achieved is of 

the order of 1 nm. 

 

III. The Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) [215, 216] is a very useful instrument to get 

information about topography, morphology and composition information of materials. 

A typical schematic of a SEM is shown in Figure 2-10. It is a type of electron 

microscope capable of producing high-resolution images of a sample surface. Due to 

the way the image is created, SEM images have a characteristic three-dimensional 

appearance and are useful for judging the surface morphology of the sample. 

 



CHAPTER 2 

73 
 

 

Figure 2-10 Schematic diagram of the Scanning Electron Microscope [214] 

 

The SEM has an ability to image a comparatively large area of a specimen and to 

image bulk materials. The topology of the powder samples in the present study was 

carried out using a FEI, Model Quanta 200 3D scanning electron microscope. 

 

IV. UV-VIS Spectroscopy 

UV-VIS spectroscopy deals with the recording of absorption signals due to electronic 

transitions. In semiconductors, when the incident photon energy exceeds the band gap 

energy of the materials, absorption takes place, and the signal is recorded by the 

spectrometer whereas in metals when the surface free electrons vibrate coherently with 

the incident frequency, then resonant absorption takes place. Such a spectrometer can 

operate in two modes (i) transmission and (ii) reflection mode. In transmission mode 

usually, thin films and colloidal NPs well-dispersed in the solvent are used (Figure 2-

11). The optical measurements for opaque thin films and those NPs which are not 

dispersible in solvents are done in diffuse reflectance (DRS) mode. 
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Figure 2-11 Schematics of UV-VIS spectrophotometer in transmission mode [6] 

 

Broadening of spectral transitions: The possible sources for signal broadening include:  

 

i. Doppler Broadening: the random motion of NPs in the liquids and gaseous 

samples causes their absorption and emission frequencies to show a Doppler 

shift, and hence the spectrum lines are broadened. This effect is more 

pronounced in liquids than gaseous samples due to significant collisions in 

solutions. In the case of solids, the motions of the particles are more limited in 

extent and less random in direction, so that solid phase spectra are often sharp 

but show evidence of interactions by the splitting of the lines into two or more 

components;  

 

ii. Heisenberg’s Uncertainty Principle: If a system exists in an energy state for a 

limited time ‘δt’ seconds, then the energy of that state will be uncertain (fuzzy) 

to an extent ‘δE’ and is given by δE x δt ≈ h/2π ≈ 10-34 J.s, where h = Planck’s 

Constant. Usually lifetime of excited state is 10-8 sec, i.e. 108 Hz uncertainty 

in the radiation frequency which is, in fact, small when compared to UV-Vis 

frequency regime (1014–1016 Hz). 
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The intensity of Spectral lines: There are three main factors that decide the intensity 

of spectral lines:  

(i) Transition probability: The likelihood of a system in one state changing to another 

state which is usually governed by quantum mechanical selection rules;  

(ii)  Population of states: The number of atoms/molecules initially in the state from 

which the transition occurs. It is governed by the equation:  

Nupper / Nlower = exp (-ΔE/kT); 

 

Where ΔE = Eupper - Elower , T= temperature (K), k = Boltzman’s Constant = 1.38 

x 10-23 J/K;  

 

(iii) Concentration and path length: Clearly, since the sample is absorbing energy from 

a beam of radiation, the more sample the beam traverses, the more energy will be 

absorbed from it. Besides the amount of the sample, the concentration of the sample is 

also a deciding factor for the energy absorption. Based on this, Beer-Lambert law, 

which is often written as:  

I / I0 = exp (-κcl) or,  

I / I0 = 10-εcl = T 

 

Where, κ = constant, for spectroscopic transition under consideration. Where T = 

transmittance = I / I0, ε = molar absorption coefficient. Inverting above equation and 

taking logarithms, 

I0 / I = 10εcl or , 

log (I0 / I) = εcl = A 

 



CHAPTER 2 

76 
 

Where A = absorbance / optical density 

  

Thus, absorbance is directly proportional to the concentration, where the path length 

and molar extinction coefficient are supposed to be constant for the measurement. The 

sources used for the UV and visible light are deuterium and tungsten lamps, 

respectively, and the detector used is usually a photomultiplier tube (PMT). 

 

V. Raman Spectroscopy 

When a beam of visible light is passed through a transparent substance, a small amount 

of the radiation energy is scattered, the scattering persisting even if all other extraneous 

matter is rigorously excluded from the substance. If monochromatic radiation is used, 

if the scattered energy will consist almost entirely of radiation of the incident 

frequency then it is so-called Rayleigh scattering but, also, specific discrete 

frequencies above and below that of the incident beam will be scattered, This is 

referred to as Raman scattering. 

 

According to the quantum theory of radiation, when photons are having energy ‘hν’ 

undergo collisions with molecules, and if the collision is perfectly elastic, they will be 

deflected unchanged. A detector placed to collect energy at right angles to an incident 

beam will thus receive photons of energy ‘hν’, i.e. radiation of frequency ‘ν’. However, 

it may happen that energy is exchanged between photons and molecules during the 

collision: such collisions are ‘inelastic’. The molecule can gain or lose amounts of 

energy only by the quantum laws; i.e. its energy change, ΔE joules, must be the 

difference in energy between two of its allowed states. ΔE must represent a change in 

the vibrational and/or rotational energy of the molecule. If the molecule gains energy 
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ΔE, the photon will be scattered with the energy hν-ΔE, and the equivalent radiation 

will have a frequency ν- ΔE/h. Conversely, if the molecule loses energy ΔE, the 

scattered frequency will be ν+ ΔE/h. Radiations scattered with a frequency lower than 

that of the incident beam is referred to as Stokes’ radiation, while that at higher 

frequency is called anti- Stokes’ radiation. The former is accompanied by an increase 

in molecular energy (which can always occur, subject to certain selection rules) while 

the latter involves a decrease (which can only occur when the molecule is originally in 

an excited vibrational /rotational state). Stokes’ radiation is generally more intense 

than anti-Stokes’ radiation. The figure below shows schematic of Raman spectrometer. 

 

A typical Raman spectrometer consists of laser beam (very narrow, monochromatic, 

coherent and powerful) which when passed through the cell, usually a narrow glass or 

quartz tube filled with the sample, light gets scattered sideways from the sample, which 

is collected by a lens and passed into a grating monochromators (Figure 2-12). The 

signal is measured by a sensitive PMT after amplification. It is usually processed by a 

computer, which plots the Raman spectrum. 

 

 

Figure 2-12 Schematic of Raman spectrometer [6] 
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VI. Photoluminescence Spectroscopy  

Photoluminescence (PL) is the spontaneous emission of light from a material under 

optical excitation. The appropriate excitation energy and intensity are required to 

accurately probe the sample’s discrete electronic states. When light of sufficient 

energy is incident on a material, photons are absorbed, electrons get excited, and 

electronic transitions occur. Eventually, these excitations relax, and the electrons 

return to the ground state. If radiative relaxation occurs, the emitted light is called PL. 

This light can be collected and analysed to yield a wealth of information about the 

photo-excited material. The PL spectrum provides the transition energies, which can 

be used to determine electronic energy levels, defects and impurity states in the 

sample. The PL intensity gives a measure of the relative rates of radiative and non-

radiative recombination. 

 

PL is divided into two categories, fluorescence and phosphorescence, depending upon 

the electronic configuration of the excited state and the emission pathway. 

Fluorescence is the property of some atoms and molecules to absorb light at a 

wavelength and to subsequently emit light of longer wavelength after a brief interval, 

termed the fluorescence lifetime. The process of phosphorescence occurs in a manner 

like fluorescence, but with a much longer excited state lifetime. PL is a simple, 

versatile, and non-destructive measurement technique. The PL signal itself is 

characterized by two essential features: peak energy and intensity. The excitation 

energy and optical intensity can be appropriately chosen to yield more accurate 

information on the energy levels available to electrons in the material. The PL signal 

often depends on the density of photo-excited electrons and the intensity of the incident 

beam. The intensity of the PL signal depends on the rates of radiative and non-radiative 
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events, which depend in turn on the density of non-radiative interface states.  

 

Usually, defects and impurities break the periodicity of the lattice and perturb the band 

structure locally. This perturbation is attributed to the discrete energy levels lying 

within the band gap. Depending on the defect or impurity, the state acts as a donor or 

acceptor of electrons in the lattice. Surfaces and interfaces contain a high concentration 

of impurity or defect states. Dangling bonds at a semiconductor surface or defects give 

rise to electronic states within the band gap. These mid-gap states fill up to the Fermi 

level with electrons that originate in the bulk of the material. The fundamental 

limitation of PL analysis is its reliance on radiative events. Materials with poor 

radiative efficiency, such as low-quality indirect bandgap semiconductors, are difficult 

to study via ordinary PL. 
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Abstract:  

Metal chalcogenide related materials have been widely used as efficient electrocatalysts 

for numerous chemical reactions in energy conversion devices. However, the actual 

active species of these useful materials have yet been fully identified, especially as 

electrocatalysts for triiodide reduction in dye-sensitized solar cells (DSSCs). We herein 

adopted a vapor-phase hydrothermal (VPH) approach to controllably create the sulfur 

dopants on the cobalt oxide nanopartical surface for high-performance DSSCs with a best 

power conversion efficiency (PCE) of 8.86%. The surface speciation (shown in X-ray 

photoelectron spectroscopy) demonstrate a general two-stage doping process. Most 

importantly, our XPS and electrochemical results show for the first time a close 

correlation between the surface sulfide species (with lowest binding energy) on the 

electrocatalysts and their electrocatalytic activities. 

 

Keywords: Vapor-phase hydrothermal approach; Sulfur doping; Triiodide reduction; 

Electrocatalyst; Dye-sensitized solar cells. 

† These authors contributed equally to the manuscript. 
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 Introduction  

Unveiling the nature of the catalytically active sites and their roles in catalysing chemical 

reactions has been one of the key goals in the development of efficient electrocatalysts 

for high-performance energy conversion systems [1], such as dye-sensitized solar cells 

(DSSCs), fuel cells and water splitting hydrogen production. For example, to effectively 

reduce the cost of counter electrode (CE) material (platinum, as a benchmark 

electrocatalyst), in DSSCs, a huge variety of robust CE materials has been developed that 

render excellent stability and outstanding electrocatalytic activities towards the 

regeneration of oxidised redox couples (I-/I3
- electrolyte as a benchmark redox couple) [2, 

3]. Among them, metal chalcogenide related materials have been a group of the best-

performing electrocatalysts, such as MoS2[4], NiS [5], CoS [6], FeS2 [7], WS2 [8], SnSx 

[9], NiCoS4 [10], CuZnSnS4 [11], sulfide composites [12], metal selenides [13, 14] and 

tellurides [15, 16]. General material screening approaches have also been developed to 

explain the outstanding electrocatalytic activities of the excellent CE materials [17, 18]. 

Despite the progress achieved in application and modelling of this group of materials, 

however, very limited information has been obtained on the chalcogenide speciation on 

the surface of the electrocatalysts. Indeed, the multivalent nature of sulfur element allows 

the easy transformation from one oxidation state to another upon exposure to delicate 

redox environments [19]. Moreover, the polysulfur species with different atomic 

configurations (such as bridging, apical, terminal polysulfurs) generated during the 

reaction complicates the identification and control of the sulfur species. In this regard, a 

sulfurization approach capable of facile control on the sulfur species on the materials will 

provide a useful platform for the in-depth understanding of the correlation between sulfur 

speciation and the electrocatalytic activities. 
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Previously, we have adopted a facile in-situ vapor-phase hydrothermal (VPH) approach 

to heavily dope spinel cobalt oxide (Co3O4) with sulfur to create electrocatalytic active 

sites on the crystal surface for triiodide reduction [20]. Compared to the general bottom-

up doping approaches, the atomic concentration of the sulfur species on the surface was 

extraordinarily high despite the VPH conditions used being mild. Herein, we extend this 

useful surface doping approach to fabricate high-performance CE materials for DSSCs 

with a best power conversion efficiency (PCE, η) of 8.86%. More importantly, the sulfur 

speciation on the surface during the doping process was carefully monitored and its close 

correlation with electrocatalytic activities was investigated for the first time. Our results 

provide new insights in the structure-performance relationship that open up avenues for 

the design of high-performance electrocatalysts. 

 

 Experimental Section 

S-Co3O4 thin films were fabricated by in-situ VPH doping treatment of Co3O4 

nanoparticle film on FTO glasses. Co3O4 thin films were firstly electrodeposited on 

fluorine-doped tin oxide (FTO) glass substrates in an electrolyte of 0.09 M Co(NO3)3 and 

0.1M NaNO3 with a galvanostatic current density of 1 mA/cm2 for 10 – 40 seconds. The 

obtained cobalt hydroxide films on the FTO were converted to Co3O4 film by pyrolysis 

in air at 400°C for 2 h. Secondly, the Co3O4 nanoparticle films were in-situ doped in a 

vapor-phase hydrothermal (VPH) reactor [21], where the Co3O4 film on FTO substrate 

was held above the reactants, i.e. Al2S3 (0.26g) and 60μl water. The doping process was 

implemented in a closed VPH reactor where H2S gas was produced by slow hydrolysis 

of Al2S3 in the presence of trace amounts of water vapour. The VPH treatments were 

carried out at various temperatures (70°C, 90°C, 120°C, 150°C, 180°C for 6 h) and with 

varied durations (10 min to 12h at 90°C). The as-obtained S-Co3O4 film was rinsed in 
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CS2 solvent to remove the sulfur generated during the VPH treatment prior to structural 

characterization or electrochemical tests. The details of materials, solar cell construction 

and characterizations can be found in the supplementary information. 

 

 Results and Discussion  

The crystal and structural characteristics of Co3O4 and S-Co3O4 samples (with 30s 

electrodeposition) were carefully analyzed. The XRD data of samples with optimized 

thickness (see supplementary data) before and after VPH treatment (Figure 3-1a) show 

similar diffraction patterns, with the peaks at 2 = 19.0°, 31.5°, 37.0°, 59.5° and 68.8° 

corresponding to the (111), (220), (311), (511) and (531) planes of spinel Co3O4 crystal 

structure (cubic, a = 8.056 Å, space group Fd-3m, JCPDS: PDF-74-1656, ICSD: 27497), 

respectively. Room-temperature Raman spectra of both samples demonstrate 5 peaks 

which can be ascribed to F2g modes (at about 193 cm-1, 519 cm-1 and 616 cm-1), Eg mode 

(at about 480 cm-1) and A1g mode (at about 688 cm-1) of spinel Co3O4 crystals, 

respectively (Figure 3-1b) [22]. Remarkably, compared to all the peaks of the pristine 

Co3O4 sample, those for the S-Co3O4 sample shifted to lower frequencies. This red shifts 

in vibration modes strongly indicates a decrease in the bond strength originating from the 

substitution of the oxygen atoms by the sulfur in the H2S molecules under VPH conditions. 
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Figure 3-1 (a) XRD data, (b) Raman spectra, (c, d) TEM images, (e, f) HRTEM images, 

(g, h) Cross sectional TEM of Co3O4 Nanoparticles (top row) and S-Co3O4 

Nanoparticles (bottom row). 

 

The microstructures of the samples were analysed, and TEM images of both 

samples exhibit a polycrystalline two-dimensional nanoparticle structure (approx. 

100 nm in width) connected by crystal intergrowth (Figure 3-1c, d). The high-

resolution TEM (HRTEM) images of the Co3O4 and S-Co3O4 samples (Figure 1e, f) 

show lattice spacings of 4.66Å (111) and 2.85 Å (202) with an interplanar angle of 

90.0°, 4.66 Å (111) and 4.03Å (020) with an interplanar angle of 54.7°, consistent 

with the atomic image viewed from the [121] and [101] zone axis of the spinel 

Co3O4 crystal, respectively. No lattice spacing of cobalt sulfide could be detected in our 

sample [23]. These TEM results confirmed that the bulk crystal structure of the Co3O4 

has been well preserved after the mild VPH treatment. The thickness of the individual 

nanoparticle is about 9 nm and did not vary after VPH treatment (Figure 1g, h). 

Moreover, the lattice spacing parallel to the nanoparticle surface was measured at 4.66 

Å, corresponding to the (111) plane of spinel Co3O4 crystal structure, confirming that the 
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crystals are dominantly enclosed with {111} facets. The submicron scaled S-Co3O4 

nanoparticles provide a platform with sufficient electrocatalytic active site and 

facilitate electron pathways for charge transfer. 

 

Apart from the thickness of the S-Co3O4 film, the effect of the VPH treatment 

temperature on the electrocatalytic activity was investigated as the VPH doping 

process may be sensitive to the thermal energy. Figure 3-2a shows the CV curves 

obtained with S- Co3O4 samples prepared with different VPH temperatures for 6 

h. The samples manifest similar electrochemical characteristics within the scanning 

potential range, showing two pairs of redox peaks for triiodide reduction even with 

the temperature as low as 70°C. Also, all samples demonstrate a larger Ipc1 and 

smaller Epp compared to the commercial Pt electrode. This strongly indicates the 

effective creation of electrocatalytic active sites in the VPH doping approach. 

Moreover, with an increase in temperatures, the Ipc increases until the temperature 

reaches 120°C. The Epp of the S-Co3O4 film prepared at 90°C is slightly smaller 

than the other samples.  

 

The superior electrocatalytic activities of the S-Co3O4 are also reflected in the Tafel 

polarization plots (Figure 3-2b), showing similar Jo values which are smaller than 

that of a benchmark Pt electrode. As shown in the EIS data (Figure 3-2c, Table 3-1), the 

RS values for all the S-Co3O4 samples are close and the RCT values were reduced after 

the Co3O4 samples were VPH doped at temperatures higher than 90°C. Notably, 

the best value was recorded using a S-Co3O4 sample prepared at 90°C showing a 

RCT of 2.03 Ω cm2, marginally larger than that of a Pt electrode (2.00 Ω cm2). 
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Figure 3-2 (a) Cyclic voltammograms, (b) Tafel polarization curves, (c) 

Electrochemical impedance spectra and (d) J-V curves of the DSSCs, obtained using the 

S-Co3O4 electrodes prepared with different VPH temperatures. 

 

Table 3-1 Photovoltaic parameters of the DSSCs and the electrochemical impedance 

data of the electrodes prepared at different VPH temperatures. 

 

 

The photovoltaic performances of the DSSCs equipped with the S-Co3O4 counter 

electrodes and Dye-sensitized TiO2 photoanode (with scattering layer on top of the 

mesoporous TiO2 layer) were evaluated (Figure 3-2d and Table 3-1). It is evident 

that all the DSSCs show much improved photovoltaic performance compared to 

the non-doped pristine Co3O4 samples [20]. The VOC values of all DSSCs were 
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~0.71V, close to the benchmark Pt CE (0.73 V). This is rationalized by the fact that 

all DSSCs adopt similar TiO2 photoanode and redox couples of electrolytes: quasi-

Fermi level of the TiO2 and redox energy level of the electrolyte determine the 

theoretical maximum value of VOC. Moreover, the DSSCs equipped with different 

S-Co3O4 CEs have slightly different FFs: the values for the DSSCs with CE 

prepared at 90°C and 120°C measured 0.68, which is higher than the Pt CE. This 

is probably due to their relatively low RS and RCT values as the FF of DSSCs is 

generally sensitive to internal resistances, consistent with the EIS spectra shown in 

Figure 3-2c. The slightly reduced FF for the samples prepared at higher 

temperatures could be due to the structural deterioration of the crystal structure of 

the S-Co3O4 under VPH conditions. The JSC of the DSSCs with S-Co3O4 CEs 

prepared at 90°C was the highest, potentially due to insufficient doping at a lower 

temperature, e.g., 70°C, and structural deterioration at higher temperatures. The 

PCE of the DSSCs with S-Co3O4 CEs prepared at 90°C (best performing electrode) 

was 8.86%, which is superior to most cobalt sulfide related CEs published to date. 

This value is marginally inferior to the one obtained with DSSCs with a benchmark 

Pt CE (9.00%). This outstanding performance has verified the effectiveness of the 

facile VPH doping approach for creating electrocatalytic active sites for high-

performance energy conversion application. 
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Figure 3-3 Survey, Co 2p, O 1s and S 2p XPS spectra of the S-Co3O4 electrodes 

prepared with different VPH durations at 90°C 

 

As shown the aforementioned results, the enhancement in electrocatalytic activity 

of the S-Co3O4 samples has a close relationship with the sulfur dopants that were 

effectively introduced under VPH conditions. The unique chemical substitution 

processes under VPH conditions were therefore carefully monitored ex-situ using 

XPS in this work (Figure 3-3). The XPS spectra of the S-Co3O4 obtained with VPH 

treatment at 90 °C for different durations (10 min – 720 min) confirms that only Co, 

O, S, C and a small amount of Sn (from FTO substrates) were present in the 

samples. A gradual transition of the chemical bonding on the surface of the 

electrodes, i.e. the substitution of O by S is clearly observed. Figure 3-3a shows 

the detailed variation in atomic concentration of Co, O and S species, quantified 

by fitting the Co 2p, O 1s and S 2p peaks (adsorbed C and FTO Sn species are not 

shown here for clarity). The VPH doping process could be divided into two stages: 

in stage one (0-180 min), the O species are gradually replaced by the S species, in 
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stage two (180 min onwards), the surface atomic concentrations become stabilised. 

Notably, the final S dopant level reached > 40% on the surface, significantly higher 

than that achieved with normal bottom-up fabrication approaches (<10%). Also, 

along the entire range of VPH processes investigated, the Co atomic concentration 

remained relatively unchanged (~20 %). This result strongly indicated the 

robustness of VPH approaches to effectively dope the metal oxide surface under 

relatively mild conditions (90°C). 

 

Prior to the VPH doping treatment, the Co 2p spectrum exhibits a typical response 

of spinel Co3O4 crystal with the most and second most intense contributing peaks 

centred at 779.9 eV and 781.2 eV, respectively, as well as satellite peaks at higher 

binding energy (BE, 788-781 eV) (Figure 3-3). As the VPH doping progresses, two 

major changes were witnessed: firstly, the major peak centred at 779.9 eV was 

shifted in the lower BE direction, strongly indicating the substitution of the oxygen 

atoms by the less electronegative sulfur counterparts on the surface. The major 

peak gradually shifted to about 779.1 eV (close to the Co3S4, 779.0 eV) after 180 

min and remained constant even after longer VPH treatment, signifying the 

complete substitution of all the accessible surface oxygen. The Co 2p data is in 

agreement with the O 1s spectra.  
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Figure 3-4 Variation of (a) elements and (b) sulfur species in the S-Co3O4 electrodes 

prepared with different VPH doping durations. (c) Cyclic voltammograms of the S-

Co3O4 sample prepared by 20 min VPH treatment. (d) Correlation between the cathodic 

peak current (extracted from CVs of the samples) and the atomic concentration of sulfur 

species on the surface of the S-Co3O4 sample (extracted from the high-resolution S 2p 

XPS spectra). 

 

The O 1s curve of pristine Co3O4 nanoparticles can be fitted to be composed of 

lattice oxygen, centred at 530.1 eV, and non-stoichiometric oxygen species centred 

at 531.2, 532.0 and 532.9 eV, whose identification are still controversial. Our data 

clearly show a constant decrease in the concentration of lattice oxygen until 

completely eliminated after 180 min VPH treatment. A continuous decrease in the 

non-stoichiometric oxygen species along the span investigated was also witnessed 

probably due to the inhibited formation of oxygen related species, e.g., -OH, C-O, 

C=O. The S 2p spectra show an increase in the intensity of the S species as the 

VPH doping progresses until 180 min. All the survey and high-resolution XPS 

spectra clearly indicate a rapid S doping process in which the lattice oxygen on the 

sample surface has been substituted by sulfur. 
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Generally, the S peak can be fitted into four pairs of spin-orbit S 2p 1/2 and 3/2 

doublets, i.e., S6+ (sulfate), S4+ (sulfite), Sn
2- (polysulfide) and S2- (sulfide) with the BE 

signals at 169.1/170.3, 167.1/168.2, 164.4/165.6, and 162.3/163.5 eV, respectively [24-

26]. The variation of the sulfur species in the VPH process is shown in Figure 3-3b. It is 

clear that relatively low sulfate and sulfite concentrations were detected over the span of 

the VPH treatment investigated. In strong contrast, there is a sharp increase in the 

concentration of sulfide species within 120 min of the initial VPH treatment with the 

value stabilizting after 180 min. In addition, polysulfide species concentration fluctuated 

within the initial 120 min and promptly reached the stable value (~25%) after 180 min. 

The overall elemental variations of all chemical species on the surface reflected in high-

resolution XPS scans match the survey scans, indicating two VPH reaction stages. 

 

The nature of intrinsic catalytically active sites has been one of most crucial aspects 

in catalysis research. It has been proven that sulfur species on the metal sulfide 

surface may act as the catalytically active site for a chemical reaction. For example, 

in situ X-ray spectroscopies have identified that terminal disulfide ligands are 

formed in the catalytic state of amorphous molybdenum sulfide whose protonation 

and reduction are presented as the rate-limiting step of the hydrogen evolution 

reaction (HER) [27]. Also, the S species in amorphous molybdenum sulfide with 

higher BE has been identified to be responsible for the intrinsic catalytic activities 

for HER [28]. In strong contrast, despite the number of published metal sulfide or 

sulfur doped metal oxide electrocatalysts for triiodide reduction, identification of 

the catalytically active site has not been discovered. Thus, we attempted to provide 

experimental evidence to correlate the catalytic activity with the species on the 

surface of the electrocatalyst. In this study, the CV curve of the S-Co3O4 
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electrocatalysts in iodide/triiodide electrolyte was used to quantify their 

electrocatalytic activities. In particular, the magnitude of the cathodic peak current 

density in the more negative potential range (Ipc1 in the CV of S-Co3O4 sample 

prepared by 20 min VPH treatment shown in Figure 3-3c) was considered as it 

directly reflects the electrocatalytic activities of the CE for triiodide reduction. [29] 

More attention was focused on stage one of the VPH doping process where the 

sulfur concentration varies. Figure 3-3d shows the correlation between the 

percentage of the different sulfur species in total sulfur and the Ipc1 extracted from 

the corresponding CV curves (Figure 3-2). Poor correlations are evident between 

the polysulfide, sulfite, and sulfate percentage in samples and the measured 

electrocatalytic activities. In strong contrast, a good linear relationship (y = 62.19 x – 

21.664, R2 = 0.9876) was observed between the sulfide species percentage and the Ipc1. 

This close correlation is consistent with our theoretical calculation results which 

show that substituted sulfur on the Co3O4 [30] surface possesses an optimal iodine 

adsorption energy (ΔEad) for iodine reduction [20]. This finding also agrees with 

the literature stating that sulfide rather than polysulfide species dominate the cobalt 

sulfide samples which show outstanding electrocatalytic activity [31]. To the best 

of our knowledge, our findings provide the first direct experimental evidence 

showing the correlation between the surface sulfur species and electrocatalytic 

activities.  

 

 Conclusions 

A facile VPH doping approach was adopted to heavily in-situ dope cobalt oxide 

nanoparticle films for the creation of electrocatalytically active sites. The best-performing 
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DSSCs show an excellent photovoltaic performance with a PCE of 8.86%, comparable to 

the 9.00% of benchmark commercial Pt electrodes. The variation in surface chemistry 

speciation shows a two-stage doping process in which the oxygen atoms are substituted 

by their sulfur counterparts in the first stage, followed by a steady second stage where no 

obvious change was observed. Notably, our XPS and CV results unveiled a close 

correlation between the sulfide species (with lowest BE) on the S-Co3O4 surface and the 

corresponding electrocatalytic activities. This finding improves our understanding of 

structure/performance relationships of metal chalcogenide related materials and will 

provide opportunities to improve their electrocatalytic activities for high-

performance energy conversion applications. 
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 Introduction  

Several groups of Pt-free CEs have been developed as alternative CEs in DSSCs to 

replace Pt, such as carbon materials, polymers, functional hybrids and transitional metal 

compounds. Metal compounds have been applied in DSSCs as CE catalysts since 2009. 

To date, metal chalcogenide (S and Se) [1-3], metal nitrides [4, 5] and metal carbides [6-

8], have showed high catalytic activity in redox reactions. Very few transitional metal 

oxides are used as efficient CEs to replace Pt due to their low conductivity and poor 

charge carrier mobility, which limit actual charge transfer process. So far, only 

WOx(X<3), NbO2, TaOx and RuO2 have been demonstrated to possess relatively good 

catalytic performance [6, 7, 9-12].  

 

Heteroatom doping has been proven as an efficient way to modulate the chemical 

properties of carbon materials and metal compounds for applications in energy-related 

devices. With dopants such as nitrogen, sulphur and boron in their frameworks, almost 

all of these heteroatom doped materials demonstrate dramatically enhanced energy 

conversion efficiency compared with their bulk counterparts, which can be attributed to 

newly created surface active sites. However, fabrication of these heteroatoms doped 

materials require either extreme high temperature or the injection of reacting gases like 

NH3 or H2S under high temperature, which consumes a large amount of energy and may 

also cause damage to the structure of the catalysts and the environment. Therefore, it is 

highly desirable to develop new doping approaches, which can realise selective surface 

high-content doping without destruction of the bulk material structures.  

 

Tan et al [13]. developed a facile in situ vapour phase hydrothermal (VPH) surface doping 

approach to fabricate S-doped Co3O4 electrocatalysts with an unprecedentedly high 
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surface S content. These catalysts demonstrated excellent electrocatalytic activity and a 

conversion efficiency of 7.79% for DSSCs. In this section, the VPH methods has been 

extended for the fabrication of other S-doping metal oxides.  

 

 Experimental Section 

4.2.1 Chemicals  

Copper (II) nitrate hydrate (99.99%), vanadium (IV) oxide sulfate hydrate (97%) tungstic 

acid (99%), molybdenum power (99.99%), anhydrous LiI, I2 and acetonitrile (CAN) were 

obtained from Aldrich Chemical. Ammonium chloride (NH4Cl), hydrogen peroxide 

solution (V/V, 30%), NaNO3, NaOH, Al2S, LiClO4 (98%) and KCl were purchased from 

Sigma-Aldrich. The commercial TiO2 electrodes, Pt electrodes and electrolyte were 

purchased from Sol. All chemicals were used without further purification. Deionized 

water (DI) was used throughout the work.  

 

4.2.2 Fabrication of Various S-doped Metal Oxides Counter Electrodes  

Thin films of CuO, V2O5, WO3 and MoO3 (denoted as “CNS”, “VNS”, “WNS” and 

“MNS”, respectively) were grown on separate FTO glass substrates, using 

electrodeposition followed by a pyrolysis treatment. The electrodeposition was performed 

in a standard three-electrode glass cell at room temperature, with a cleaned FTO substrate 

as working electrode, a saturated silver chloride electrode as the reference electrode and 

Pt foil as a counter electrode.  

 

i) The electrochemical deposition for copper oxide film was carried out in aqueous 

solutions containing 0.003M Cu(NO3)2, 0.1M NH4Cl and 0.05M KCl at a constant 
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current of 2.0 mA cm-2 for 120min at 70 °C, using a Chenhua Model CHI660C 

Electrochemical Workstation (Shanghai). After the electrodeposition, the sample was 

pyrolyzed at 600 °C for 2 hours in air to form CuO [14]. 

 

ii) Vanadium pentoxide was electrodeposited in electrolyte, which consisted of a 

2.53g VOSO4 solution in a 1:1 (v/v) mixture of DI water and ethanol (20 ml each). 

After deposition, samples were heated to 300 °C for 24 h to form crystalline V2O5 [15]. 

 

iii) A WO3 seed layer was prepared on FTO-coated glass using a sol–gel method. 

WO3 films were synthesized by a sulfate-assisted hydrothermal method where 3.29 g 

sodium tungstate powder was dissolved in 76 ml de-ionized water, and a 3 M HCl 

aqueous solution was used to adjust the pH value to 2.0. Afterwards, ammonium 

sulfate (2.64 g) was added to the reaction precursor to control the morphology of the 

WO3 product. 

 

iv) A simple electrodeposition method was used to prepare MoO3 electrode. 1g MoO3 

powder was dissolved in 3.5 ml aqueous H2O2, and the solution was diluted to 50 ml 

with DI water. The resulting molybdenum content was approximate 0.2 M, followed 

by electrodepositing with a constant potential – 0.6 V for 2 min. After deposition, the 

sample was heated at 300ᵒC for 2 h at room temperature [16]. 

 

The films of S-doped metal oxides nanomaterials on FTO substrates (denoted as “S-

CNS”, “S-VNS”, “S-WNS”, and “S-MNS”, respectively) were then obtained by vapour-

phase hydrothermal (VPH) methods. 0.26g Al2S3 was put into the bottom of the container 

and 60 µl DI water was put into a separate smaller container, which was suspended by a 
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holder. The metal films, CuO, V2O5, WO3 and MoO3, grown on the FTO substrates were 

put into the same reactor and fixed by a holder. 

 

To archive the best conditions for the metal oxides, various reaction temperatures of VPH 

treatments were tested. 

 

4.2.3 Electrode Fabrication and Cell Assembly  

A five-layer TiO2 (Dyesol, Australia) nanocrystalline film sensitized with N719 industry 

standard dye (Dyesol, Australia) was used as a photoanode. Briefly, a thin layer of TiO2 

(using 18NR-AO active opaque titania paste) was coated on a FTO conductive glass by 

screen printing technique, then dried at 105 °C for 3 min. This process was repeated four 

times to obtain the five layers of TiO2 film. Then, a Dyesol’s blocking layer of titania 

paste was screened on above the TiO2 film. The film was sintered at 500 °C for 30 min 

in air. The photoanode was then obtained by immersing the TiO2 film in a 5×10-4 M 

solution of N719 dye in acetonitrile/ tert-butyl alcohol (1: 1 volume ratio) for 24 h. The 

sensitized TiO2 electrode was coupled with one of the various CEs to fabricate the DSSC; 

these two electrodes were separated by a 60 μm thick Surlyn and sealed by heating. The 

electrolyte was injected into the gap between the two electrodes by a vacuum pump, and 

the hole was sealed with hot-melt glue after the electrolyte injection. 

 

4.2.4 Characterization 

4.2.4.1 Materials Characterization 

XRD patterns were analysed with a Bruker X-ray diffractometer operated at 40 kV and 

30 mA. Raman spectra were collected with a Renishaw 100 system Raman spectrometer 
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using 632.8 nm He-Ne laser. The scattered light was detected with a Peltier-cooled CCD 

detector with a spectral resolution of 2 cm−1. The grating was calibrated using the 520 

cm−1 silicon band. The X–ray photoelectron spectroscopy (XPS) data was obtained using 

a Kratos Analytical Axis Ultra X–ray photoelectron spectrometer equipped with a 

monochromatic Al X–ray source (Al Kα, 1.487 keV). The morphological properties of 

samples were investigated by a JSM-6300 scanning electron microscope. The 

microstructures were examined by field emission TEM Tecnai 20 (F20) with an 

accelerating voltage of 200kV. Samples were scrapped from FTO substrates, then they 

were dispersed in ethanol. 

 

4.2.4.2 Electrochemical Tests  

Cyclic voltammogram (CV) measurements were performed with a CHI 7600 

electrochemical workstation (CH Instruments, Inc., USA), using the conventional three-

electrode system. One of the various CEs, a platinum sheet, and an Ag/AgCl electrode 

were used as the working electrode, counter electrode, and reference electrode, 

respectively. The solution of 10.0 mM LiI, 1.0 mM I2, and 0.1 M LiClO4 in ACN was 

used as the electrolyte for all CV measurements. CV curves were recorded at a scan rate 

of 100 mV/s. Tafel polarization curves and electrochemical impedance spectra (EIS) were 

obtained by symmetrical cells, at a scan rate of 50 mV/s, using a CHI 7600 instrument 

with a two-electrode system. The symmetrical cell contained two identical electrodes; the 

film area was confined to be 0.49 cm2 by removing the side portions by scrapping. The 

photocurrent density-voltage characteristic was measured using a computer-controlled 

scanning potentiostat (Model 362, Princeton Applied Research, US). A 500 W Xe lamp 

(Trusttech Co., Beijing) with an AM 1.5G filter (Sciencetech, Canada) was used as the 

light source. The light intensity was measured by a radiant power meter (Newport, 70260) 
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coupled with a broadband probe (Newport, 70268). 

 

Cyclic voltammetry (CV) measurements were conducted in a system with a three-

electrode system, where Ag/AgCl is the reference electrode, Pt foil is the counter 

electrode (CE) and CuO, V2O5, WO3, or MoO3 is the working electrode. The 

electrocatalytic activities of these metal oxide electrodes towards triiodide reduction in 

an I-/I3- redox solution were investigated in the system at a scan rate of 100 mV s-1. The 

electrolyte was the solution of acetonitrile with 10mM LiI, 1mM I2, and 0.1M LiClO4. 

 

 Results and Discussion  

4.3.1 Optimization of Reaction Temperatures for S-doped Metal Oxides  

To obtain the best S-doped metal oxides, various reaction temperatures were investigated. 

Each sample was carried out at 90 °C, 120 °C, 180 °C, and 200 °C for 6 h via VPH 

treatment. 

 

The electrocatalytic activities of S-doped metal oxides were evaluated for the most 

commonly employed I-/I3
- electrolyte system in dye-sensitized solar cells (DSSCs), which 

were demonstrated by the results of each cyclic voltammogram (CV).  

 

According to Figure 4-1, (a) CuO is intrinsically inert before the doping process, and there 

are no significant changes at and below temperatures of 180 °C. The best temperature for 

CuO doping is 200 °C. (b) V2O5 hardly shows electrocatalyst activity before the chemical 

doping reaction. However, the CV of VNS-90, reveals two pairs of well-defined redox 

peaks, representing the distinctive of I-
./I3

- redox processes, which confirms the best 

reaction temperature for superior electrocatalytic activity of S-doped V2O5 is 90 °C. (c) 
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There are two pairs of reaction peaks are occurred only at 180 °C in the S-doped WO3 

sample, where the redox pair is attributed to the reaction of I3
- + 2e- = 3I- and directly 

affect the performance of DSSCs. The other redox pair at more positive potentials is due 

to the reaction 2I3
- = 3I2 + 2e- [9]. The redox pairs indicate that the best electrocatalytic 

activity of S-doped WO3 (S-WNS) is achieved at 180 °C. (d) There are no redox peaks of 

S-MNS at the negative potentials at 90 °C, 120 °C and 150 °C, showing their poor 

electrocatalytic ability toward the I-/I3
- reaction. The peak-to-peak separation (Epp) is 

another important parameter for comparing the electrocatalytic abilities of electrodes and 

is negatively correlated with the standard electrochemical rate. Among these CVs of 

SMNS-180 and SMNS-200, the former has a higher Epp. Thus, the ideal reaction 

temperature for MNS is 180 °C.  

 

 

Figure 4-1 Cyclic voltammograms of each original metal oxide and S-doped metal 

oxide a) CNS & S-CNS, b) VNS & S-VNS, c) WNS & S-WNS, d) MNS & S-MNS 
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4.3.2 Crystal Structure of the S-doped Metal Oxides  

The crystal and structural properties of metal oxides (CuO, V2O5, WO3 and MoO3) and 

S-doped metal oxides (S-CuO, S-V2O5 S-WO3 and S-MoO3) obtained via VPH treatment 

were characterized by X-ray diffraction (XRD) analysis (Figure 4-2). These results 

showed: 

 

a) The XRD data of the CuO samples before and after via VPH doping treatment at 

200 °C for 6 h show similar diffraction patterns, where peaks at 34.1°, 37.9°, 51.6°, 

54.7°, 61.7°, and 65.7°, correspond to (110), (111), (202), (020), (202) and (113) 

planes, respectively. The intensities and positions of peaks are in good agreement 

with CuO (JCPDS No.05-661). The diffraction peaks S-CNS sample exhibit slight 

shifts towards lower 2 theta values, indicating an increase in crystal lattice 

constants during the S doping treatment. 

 

b) The XRD data of the V2O5 samples before and after via VPH doping treatment at 

90 °C for 6 h show similar diffraction patterns, which could be indexed to V2O5 

(JSPDS no. 60-0767). Both samples have the diffraction peaks at 13.1°, 20.4ᵒ, 

26.6°, 38.1°, 41.3°, 51.8°, 61.8° and 65.8°, which corresponded to (020), (001), 

(011), (002), (012), (200), (240) and (170) planes, respectively. The intense and 

narrow peaks reveal that the V2O5 nanosheets were crystalline. 

 

c) The XRD data of the WO3 samples before and after via VPH doping treatment at 

180 o C for 6 hours show similar diffraction patterns. Both samples have significant 

peaks at 23.2ᵒ, 23.7ᵒ, 24.6ᵒ and 37.9ᵒ, which is corresponded to (002), (020), (200) 

and (202) crystal planes of monoclinic phase of WO3, respectively (JSPDS no. 
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43-1035).  

 

d) The X-ray diffraction (XRD) of MNS and S-MNS show diffraction peaks of all 

the samples at 23.2°, 24.4°, 26.5°, 37.7°, 46.9°, 52.9°, 62.4° and 67.1° which 

correspond to (110), (040), (021),(111), (150), (200), (002) and (161) crystal 

planes, respectively, which are indexed to JCPDS No. 05-0508. 

 

 

Figure 4-2 XRD patterns of each original metal oxide and S-doped Metal Oxide a) CuO 

nanosheet (CNS) and S-doped CuO nanosheet (S-CNS), b) V2O5 nanosheet (VNS) and 

S-doped V2O5 nanosheet (S-VNS), c) WO3 nanosheet (WNS) and S-doped WO3 (S-WNS), 

d) MoO3 nanosheet (MNS) and S-doped MoO3 (S-MNS) 

 

Overall, the results of XRD data confirm that there are no significant changes in the bulk 

crystal structures of S-doped metal oxide during the VPH doping process. 

 

4.3.3 Morphologies of the S-doped Metal Oxides  

The morphological properties of metal oxides (CuO, V2O5, WO3 and MoO3) and S-doped 
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metal oxides (S-CuO, S-V2O5 S-WO3 and S-MoO3) obtained via VPH treatment were 

characterized by a JSM-6300 scanning electron microscopy (SEM). 

 

The shape and size of the CuO, V2O5, WO3 and WoO3 nanoparticles observed by SEM 

technique are shown in Figure 4-3, where a-1) CNS samples are composed of a 50-80 nm 

layer of uniformly coated nanosheets, within 6 nm thickness; b-1) The V2O5 films are 

composed of uniformly coated nanosheets, with width ~50 nm and thickness of about 10 

nm; c-1). WNS samples are composed of nanoparticles with mean diameter in the range 

10-50 nm, and (d-1) MNS samples are composed of particles with salient edges formed. 

The morphological properties of the S-doped these metal oxides (Figure 4-4. a-2, b-2, c-

2 & d-2) show that there no noticeable effect on the nanosheet structure after VPH doping. 

 

 
 

Figure 4-3 SEM images of each original metal oxide a-1) CuO nanosheet (CNS), b-1) 

V2O5 nanosheet (VNS), c-1) WO3 nanorod (WNS), d-1) MoO3 nanorod (MNS) 

The formation of such particle-packed, mean diameter nanosheet structure might be a 

result of the directed growth in the presence of NH4
+ in the chemical bath preparation 
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reaction. This might provide a variety of electrical pathways for charge carriers within 

the nanosheet network to ensure excellent performance.  

 

 

 

Figure 4-4 Top-view SEM images of S-doped metal oxides samples a-2) CuO 

nanosheet (CNS), b-2) V2O5 nanosheet (VNS), c-2) WO3 nanorod (WNS), d-2) 

MoO3 nanorod (MNS) 

 

4.3.4 Surface Atomic Bonding of the S-doped Metal Oxides  

The surface atomic composition of metal oxides (CuO, V2O5, WO3 and MoO3) and S-

doped metal oxides (S-CuO, S-V2O5 S-WO3 and S-MoO3) obtained via VPH treatment 

were analysed by X-ray photoelectron spectroscopy (XPS). 

 

The chemical composition of the CuO nanosheet and S-doped CuO nanosheet was 

investigated by XPS. Figure 4-5 (a) presented the survey spectra of the samples, which 

indicated the successful sulfur doping after the VPH treatment. Furthermore, the doping 

of sulfur can be demonstrated by the high-resolution O 1s and S 2p spectra. As shown in 
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Figure 4-5 (c), contributing to the replacement of sulfur species, the O 1s peak shifted to 

lower binding energy, In addition, the sulfur species were demonstrated to be S2- 

according to the S 2p spectrum in Figure 4-5 (d) [17]. 

 

 

Figure 4-5 XPS data for CNS and S-CNS: a) S-CNS survey spectra, b) Cu 2p, c) O 1s 

spectra of CNS and S-CNS samples and d) S 2p spectrum of the S-CNS sample  

 

The spectra of regions of S-doped V2O5, V 2p, O 1s and S 2p are given in Figure 4-6. 

After S-doping, the surface contents of the S-VNS were 20.861% V, 29.076% O, and 

50.063% S. The more than 50% surface-doped S content did not affect the V2O5 crystal 

structure. 

 

The intense peak at 527.08 eV corresponds to the O 1s and the less one at 520.1 eV is 

attributed to V 2p1/2, and the other intense peak nearby 512.5 is attributed to V 2p 2/3, 

which implies the formation of the V2O5  phase [18]. 
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Oxygen O 1s XPS spectra were also investigated, the peak at 527.6eV is attributed to O 

in vanadium oxide[19]. After VPH treatment, the new peak at 533.1eV is attributed to the 

fact of O replacement by S, which can be confirmed from the S 2p spectrum of the S-

VNS sample, close to the multiple Sn
2- reference (~160.2eV)  

 

 

Figure 4-6 XPS data for VNS and S-VNS: a) S-VNS survey spectra, b) V 2p, c) O 1s 

spectra of VNS and S-VNS samples and d) S 2p spectrum of the S-VNS sample 

 

The XPS survey spectra of S-WNS show that the surface contents of the sample are 

2.985% W 4f, 84.421% O 1s and 12.603% S 2p. Above Figure 4-7 (b) shows the XPS 

spectra for W 4f before and after VPH treatment, presented by two strong peaks at the 

binding energy of 31.98eV and 34.22eV, which match the reported values of W6+ 

oxidation state of the WO3 nanosheets [20]. It is clearly seen that there is an obvious 
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difference between WNS and S-WNS in the XPS O 1s spectrum. The WNS O 1s spectrum 

demonstrates the peaks ascribed to lattice oxygen at peak 530.14 eV, while in S-WNS the 

band of lattice oxygen up-shifted to 531.62 eV possibly due to the S-doping process. The 

peak at 165.2 eV represents the state of S6+, and the peak between 160-161 eV suggests 

that there is not 100% S-doping during the VPH treatment. However, according the report 

from Ho et al. [21] and Dong et al. [22], the substitution of W6+ by S6+ is more favourable 

than replacing O2- with S2-, and subsequently W-O-S bonds form. 

 

 

Figure 4-7 XPS data for WNS and S-WNS: a) S-WNS survey spectra, b) W 4f, c) O 1s 

spectra of WNS and S-WNS samples and d) S 2p spectrum of the S-WNS sample 

 

There is about 23.964 % Mo 3d, 17.596% O 1s and 58.444% S 2p on the surface of S-

MNS. Notably the relatively high surface sulphur element has been achieved after the 

VPH doping treatment. However, there is no obvious binding energy shift for MoO3 after 

the doping process, and the spin-orbit doublet with peaks at 226.4 eV and 229.7 eV are 
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associated with high oxidation state of Mo cations(Mo6+) (Figure 4-8) [23]. In the O 1s 

spectrum of the MoO3 sample, the peak centred at 527.7° and the other peaks can be 

assigned to be the lattice oxygen (Olat) and absorbed non-stoichiometric oxygen 

respectively. It is clearly seen that the Olat peak decreases dramatically after doping 

treatment, which is caused by the substitution of oxygen by sulphur atoms on the sample 

surface. Furthermore, the S 2p peak at 160.5 eV is ascribed to the dominant sulfate species 

on the S-MNS surface.  

 

 

Figure 4-8 XPS data for MNS and S-MNS: a) S-MNS survey spectra, b) W 4f, c) O 1s 

spectra of WNS and S-WNS samples and d) S 2p spectrum of the S-WNS sample 

 

In summary, the VPH treatment has minimal effects on the crystal and structural 

properties of CuO, V2O5, WO3 and MoO3, but leaves remarkable traces on the surface of 

these samples, specifically sulfur dopant. 
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4.3.5 Electrochemical Properties  

4.3.5.1 Cyclic Voltammetry  

The CV of CNS/S-CNS, VNS/S-VNS, WNS/S-WNS and MNS/S-MNS electrodes 

obtained under the same condition reveals two pairs of redox peaks in the potential range 

-0.4 to 1.2, which represent the distinctive characteristics of I-/I3
- redox processes. The 

redox pairs at more negative potentials are indicated by Eap-1 and Ecp-1 and are attributed 

to the reaction of I3
- + 2e- → 3I- that dominantly occurs in the DSSCs. Another redox 

pairs, E ap-2 and E cp-2, at more positive potentials are due to the reaction 3I2 + 2e- → 3I-. 

There are obvious differences in electrochemical activities towards I-/I3
- for these 

electrodes before and after VPH S-doped treatment (Figure 4-9). More specifically, no 

redox peaks were observed in CV curves of CEs of CNS, VNS, WNS and MNS at the 

negative potentials, indicating poor electrocatalytic activity toward Iodine Reduction 

Reaction (IRR). However, after the introduction of S dopants, the S-CNS, S-VNS, S-

WNS and S-MNS samples have better current densities at the reduction peaks than the 

samples before the VPH treatment. In addition, peak-to-peak (Epp) of these S-doped metal 

oxides are significantly reduced compared to the original samples. According to Figure 

4-10, S-WNS demonstrates the best electrocatalytic activity among these S-doped metal 

oxides.  
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Figure 4-9 Cyclic voltammograms of a) CuO(CNS) /S-doped CuO (S-CNS) electrodes, 

b) V2O5(VNS)/S-doped V2O5(S-VNS) electrodes, c) WO3 (WNS)/S-doped WO3(S-WNS) 

electrodes, d) MoO3(MNS)/S-doped MoO3(S-MNS)electrodes in the I-/I3
- electrolyte 

 

 

Figure 4-10 Cyclic voltammogram comparison of S-doped CuO (S-CNS), S-doped 

V2O5(S-VNS), S-doped WO3(S-WNS) and S-doped MoO3(S-MNS) with Pt electrode 
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4.3.5.2 Tafel Polarization  

Tafel polarization curves were collected to further verify the electrocatalytic activities of 

CEs for DSSCs as shown in Figure 4-11. The horizontal section of the curve can be 

attributed to the diffusion zone and the steep slope can be attributed to the Tafel zone in 

the Tafel polarization curves [24]. The limiting diffusion current density (Jlim) is defined 

as the intersection of the cathodic branch with the Y–axis. In addition, the intersection of 

the cathodic branch with the equilibrium potential line can be considered as the exchange 

current density (Jo) [24].  

 

The Tafel polarizations were measured at a scan rate of 10 mV s-1. According to the Tafel 

curves, the CuO electrode shows an irregular Tafel curve, which indicates poor catalytic 

abilities, while the S-CuO (S-CNS) electrode have a steep Tafel slope. Similarly, S-V2O5 

(S-VNS), S-WO3 (S-WNS) and S-MoO3 (S-MNS) has a steeper change in the slope of 

the curve. Moreover, the Tafel polarization curve of S-WO3 demonstrates the highest Jo 

and Jlim, which is attributed to the much higher surface area of the nanosheet film.  
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Figure 4-11 Tafel polarization curves of x-based counter electrodes: x=a) 

CuO(CNS)/S-doped CuO (S-CNS),b) V2O5(VNS)/S-doped V2O5(S-VNS), c) WO3 

(WNS)/S-doped WO3(S-WNS), d) MoO3(MNS)/S-doped MoO3(S-MNS) 

 

 

Figure 4-12 Tafel polarization comparison of CEs based on S-doped CuO (S-CNS), S-

doped V2O5(S-VNS), S-doped WO3(S-WNS) and S-doped MoO3(S-MNS) with Pt CE 

 

4.3.5.3 Photocurrent Density-Voltage (J-V)  

According to the J–V curves of the DSSCs based on CuO/FTO (CNS), S-CuO/FTO(S-

CNS), V2O3/FTO (VNS), S-V2O5/FTO (S-VNS), WO3/FTO (WNS), S-WO3/FTO (S-

WNS), MoO3/FTO (MNS), S-MoO3/FTO (S-MNS), and Pt/FTO CEs, it is obvious that 

all of these tested metal oxides have poor photovoltaic performance (Figure 4-13). 
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Figure 4-13 Photocurrent density–voltage characteristics a) FTO, CuO/FTO (CNS), 

V2O5/FTO (VNS), WO3/FTO (WNS), and MoO3/FTO (MNS) CEs, b) S-CuO/FTO (S-

CNS), S-V2O5/FTO (S-VNS), S-WO3/FTO (S-WNS), S-MoO3/FTO (S-MNS), and Pt/FTO 

CEs 

 

The open-circuit voltages (Voc), short-circuit photocurrent densities (Jsc), fill factors (FF), 

and power conversion efficiencies (η) of these S-doped metal oxide based CEs and 

Pt/FTO CEs are listed in the Table 4-1. 

 

Within the S-doped metal oxide-based CEs, the S-WO3/FTO CE exhibits the highest 

efficiency of 7.07%, and the corresponding Jsc, Voc and FF are 17.93 mA/cm2, 0.70 V and 

0.56, respectively. Compared with the Pt-based CE, the photovoltaic performances of S-

WO3/FTO CE are excellent, slightly better than that of S-MoO3/FTO CE, but much better 

than S-V2O5/FTO CE, which has the smallest Jsc value and poor PCE of only 0.22%. S-

CuO/FTO CE shows limited photovoltaic performances with low fill factors (FF) and low 

energy conversion efficiency, which confirms that S-V2O5 and S-CuO have poor catalytic 

abilities toward I-/I3
-. 

 

Table 4-1 Photovoltaic performance comparison of DSSCs based on S-CuO/FTO (S-

CNS), S-V2O5/FTO (S-VNS), S-WO3/FTO (S-WNS), S-MoO3/FTO (S-MNS), and Pt/FTO 

CEs 
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In summary, it is confirmed that WO3 and MoO3 based CEs have a higher electrocatalytic 

ability for I3
- reduction via VPH doping, which helps to increase the active catalytic sites 

of materials. S-WO3 and S-MoO3 based CEs could be promising alternatives for Pt-free 

DSSCs. 

 

4.3.5.4 Electrochemical Impedance Spectra (EIS)  

To gain further insight into electrocatalytic reactions on CE/electrolyte interface, 

electrochemical impedance spectra (EIS) were measured using a symmetric cell setup. 

Nyquist plots are presented in Figure 4-14, in which the semicircle corresponds to the 

charge-transfer process occurring at the electrode-electrolyte interface, which directly 

relates to the electrocatalytic activity of the CEs for iodine reduction reaction IRR, and 

the diameter of the semicircle represents the resistance of the electrochemical reaction. In 

particular, the high frequency intercept on the real axis corresponds to the Ohmic series 

resistance (Rs), which includes the sheet resistance of two identical electrodes and the 

resistance of the electrolyte, and the span of a single semi-circle along the real axis from 

high to low frequency represents the charge-transfer resistance (Rct) at the electrode–

electrolyte interface for the IRR [25]. 
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Moreover, the observed arch in the low frequency region indicates the diffusion resistance 

of the redox couple in the electrolyte. In an electrochemical reaction, a smaller diameter 

of the semicircle generally indicates a lower resistance to electrochemical reaction with a 

faster electron transfer rate. 

 

 

Figure 4-14 Nyquist plots of a symmetrical cell configuration consisting of a) S-CuO(S-

CNS), S-WO3 (S-WNS), and S-MoO3 (S-MNS) electrodes, b) S-V2O5 (S-VNS) electrode, 

c) WO3 electrode, and d) S-WO3 (S-WNS) electrode 

 

According to Figure 4-14, spinel WO3 is a semiconductor with high impedance, lower 

charge carrier mobility and few electrocatalytic sites. Thus, the electron transfer at the 

electrolyte/electrocatalyst interface is limited resulting in a significantly large charge 

transfer resistance. However, the resistance is dramatically decreased after the VPH 

doping process (Figure 4-14 d),, which must create preferable sites for IRR [26]. The 

large diameter of the semicircle of S-V2O5 in Figure 4-14 (b) shows that the charge-

transfer resistance (Rct) at the electrode–electrolyte interface is still high, which would 
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limit the electrocatalytic activity of S-V2O5 (S-VNS)-based CE in DSSCs. In addition, 

the impedance results of S-CuO (S-CNS), S-V2O5 (S-VNS), S-WO3 (S-WNS) and S-

MoO3 (S-MNS) are consistent with the observed CV and Tafel polarization results.  

 

 Conclusion 

In summary, a facile VPH approach was applied for doping multiple metal oxides, CuO, 

V2O5, WO3 and MoO3 nanosheets, to create surface-active sulfur species capable of 

electrocatalyzing the iodine reduction reaction. The DSSCs equipped with S-WO3 

counter electrode (CE) demonstrate significantly improved electrocatalytic activities 

leading to a best energy conversion efficiency of 7.07%, which is comparable to those of 

DSSCs made of commercial Pt CEs (7.36%). The impacts of chemical bath durations, 

VPH temperature and VPH duration on the electrocatalytic activities were also 

systematically investigated. The structural and electrochemical characterization results 

allude to the importance of achieving balanced properties: a larger surface area to allow 

complete, enriched sulfur doping, and a stable structure resulting from optimal VPH 

treatment for efficient charge transfer. These findings provide insights into the VPH 

doping processes that could be utilized to effectively unlock the catalytic potentials of 

low-cost, earth abundant metal oxide crystals as high-performance catalysts for energy 

conversion and storage applications. 
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 Introduction  

In the last decade, different carbon materials have been investigated in many science and 

technology fields. As the most abundant materials on the earth, carbon materials are ideal 

candidates to fabricate Pt-free counter electrodes (Pt-CEs), due to cost-effectiveness, 

environmental friendliness, thermal stability, high-conductivity, and excellent catalytic 

activities, [1, 2]. To date, there are many forms of carbon materials, such as carbon black 

(BC), graphite, graphene, carbon nanotubes, and activated carbon that have been 

successfully applied as CEs in DSSCs [3-8]. There are, however, some disadvantages 

with these materials, for instance, BC-CEs may be carcinogenicity [9]; carbon nanofibers 

(CNFs)-CEs are limited in application due to the large dimensions of CNFs; Carbon 

nanotubes (CNTs) are difficult to apply as CEs for large scale industrial usage because of 

the high expense. 

 

Graphene, a 2-D aromatic monolayer of carbon sheets with sp2 bonded atoms, is one of 

the most popular carbon-based materials due to its exceptional performance in matter 

physics, electronics, energy conversion, and biomedical devices [10-15]. Graphene is 

highly recommended to replace Pt in DSSCs as its the excellent conductivity and high 

specific area can reduce the charge transfer resistance (Rct). Various approaches have 

been used to tailor the electrical properties of graphene with chemical doping being one 

of the most effective methods. Even pristine graphene shows ambipolar field effect, it is 

still difficult to be doped by species [16]. Water and other species also affect the electrical 

properties of graphene under some reaction conditions, such as in a vacuum, nitrogen or 

argon by annealing treatment [17-19]. Thus, it is important to reduce unnecessary 

contamination via controlled doping, which can properly modulate the electronic 

properties of graphene. 
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According to the literature, there are two main different types of doping strategies in 

graphene: electrical doping [17, 20, 21] and chemical doping [22, 23], which endow 

graphene with electrocatalytic activity. Chemical doping is categorised into surface 

transfer doping and substitution doping. In general, surface transfer doping is achieved 

by electron exchange, and has limited effect on the structure of graphene, while 

substitution doping involves replacement of carbon atoms. Doping of graphene with 

various heteroatoms is an efficient way to modulate the chemical properties of graphene 

for applications in energy-related devices. With dopants such as nitrogen, sulphur and 

boron in their frameworks, almost all of these heteroatom doped materials demonstrate 

dramatically enhanced energy conversion efficiency compared with their bulk 

counterparts, which can be attributed to newly created surface active sites. However, 

fabrication of these heteroatom doped materials require either extreme high temperature 

or the injection of reacting gases like NH3 or H2S under high temperature, which 

consumes a large amount of energy and may also cause damage to the structure of 

catalysts and the environment. These doping methods involve replacement of carbon 

atoms in hexagonal lattices, leading to lattice structural change of graphene. Therefore, it 

is highly desirable to develop new doping approaches, which can realise selective surface 

high-content doping without destruction of the graphene structure.  

 

Vapor-phase hydrothermal (VPH) method is one of the chemical doping strategies that 

can unlock the catalytic potential of low-cost, earth abundant metal oxide crystals, such 

as WO3 and MoO3, as high-performance catalysts for counter electrodes (CEs) in DSSCs. 

The results in chapter 3 revealed for the first time a close correlation between the surface 

sulfur dopant and the key electrocatalytic activity indicators of metal oxides. Thus, it is 
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worthy investigating the VPH approach for doping sulfur to create surface-active S-doped 

reduced graphene oxide (rGO), which is capable of electrocatalysing iodine reduction. 

 

 Experimental Section 

5.2.1 Preparation of the Samples  

5.2.1.1 Chemicals and Materials  

Graphite powder with particle sizes < 20 μm was purchased from Aldrich. Sulphuric acid 

(H2SO4), potassium permanganate (KMnO4), and hydrochloric acid (HCl) were 

purchased from Sigma-Aldrich. Pt electrodes and electrolyte were purchased from Sol. 

All the chemicals obtained were research grade and distilled water (DI) was used 

throughout the experiment.  

 

5.2.1.2 Preparation of Graphene Oxide (GO)/FTO  

GO was synthesised by oxidation of graphite powder via Hummer’s method [24] with a 

little modification, leading to a colloidal suspension. Briefly, graphite powder (2g) was 

stirred in 98% H2SO4 (35ml) for 2h. The required amount of KMnO4 was gradually added 

into the mixed solution at a temperature less than 20 °C, followed by stirring at 35 °C for 

another 2 h. The resulting solution was diluted with 90ml of DI water under vigorous 

stirring, and the dark brown suspension was further treated by adding 10 ml 30% H2O2 

solution, and another 150 ml DI water. The resulting graphite oxide suspension was 

washed by repeated centrifugation, first with 5% HCl aqueous solution then with DI water 

until the pH of the solution became 7. The GO nanostructures were obtained by adding 

160 ml DI water to the resulting precipitate and sonicating for 1 h to attain a uniform 

suspension of GO. 
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The GO/FTO films were prepared using spin-coating methods [25] over FTO substrate. 

The prepared dry films were then sintered under 400 °C in Argon medium at 20 °C/min 

for 3 h and allowed to cool to room temperature over 1 h. The resultant various thickness 

GO samples were marked as, GO-1/FTO, GO-2/FTO, GO-3/FTO, GO-4/FTO, and GO-

5/FTO.  

 

5.2.1.3 Fabrication of Sulfur Doped Reduced Graphene Oxide (S-rGO) Counter 

Electrodes  

The S-rGO sheets were synthesized by using prepared GO/FTO films via vapor-phase 

hydrothermal (VPH) approach with hydrogen sulphur gas that is generated by the reaction 

of Al2S3 (0.26g) and DI water (60μl) without direct contact (see Figure 5-1). Reactions 

with various reacting temperatures 90 °C, 150 °C, and 200 °C, and durations for 0.5 h, 1 

h, 1.5 h, 2 h, 2.5 h and 4 h were also performed.  

 

 

Figure 5-1 Schematic illustration of the VPH doping process 
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5.2.1.4 Electrode Fabrication and Cell Assembly  

A five-layer TiO2 (Dyesol, Australia) nanocrystalline film sensitized with N719 industry 

standard dye (Dyesol, Australia) was used as the photoanode. Briefly, a thin layer of TiO2 

using 18NR-AO active opaque titania paste was coated on a FTO conductive glass by 

screen printing technique, then dried at 105ᵒC for 3 min. This process was repeated 

another four times to obtain the five layers of TiO2 film. A Dyesol’s blocking layer of 

titania paste was screened on to the above the TiO2 film. The film was then sintered at 

500 °C for 30 min in air. The photoanode was then obtained by immersing the TiO2 film 

in a 5×10-4 M solution of N719 dye in acetonitrile/ tert-butyl alcohol (1: 1 volume ratio) 

for 24 h. The sensitized TiO2 electrode was coupled with one of the various CEs to 

fabricate the DSSC; these two electrodes were separated by a 60 μm thick Surlyn and 

sealed by heating. The electrolyte was injected into the gap between the two electrodes 

by a vacuum pump, and the hole was sealed with hot-melt glue after the electrolyte 

injection. 

 

5.2.2 Characterization and Calculation  

X-ray diffraction (XRD) and Raman spectroscopy were employed to characterize the 

structure of the GO/S-rGO samples. The XRD patterns were analysed with a Bruker X-

ray diffractometer operated at 40 kV and 30 mA. Raman spectra were collected with a 

Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. The scattered 

light was detected with a Peltier-cooled CCD detector with a spectral resolution of 2 cm−1. 

The grating was calibrated using the 520 cm−1 silicon band. Chemical compositions of 

the GO/S-rGO samples were analysed by X-ray photoelectron spectroscopy (XPS, Kratos 

Axix ULTRA incorporating a 165mm hemispherical electron energy analyser). All the 

binding energies were aligned by reference to the C1 peak, which is at 284.7eV, arising 
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from surface hydrocarbons or possible extrinsic hydrocarbon.  

 

5.2.3 Electrochemical Measurements  

Cyclic voltammetry (CV) measurements were made in a three-electrode system, where 

Ag/AgCl is the reference electrode, Pt foil is the counter electrode (CE) and GO, S-rGO 

is the working electrode. The electrocatalytic activities of these graphene-based 

electrodes towards triiodide reduction in an I-/I3- redox solution were investigated in the 

system at a scan rate of 100 mV s-1. The electrolyte was a solution of acetonitrile with 10 

mM LiI, 1 mM I2, and 0.1 M LiClO4.  

 

CV curves were recorded at a scan rate of 100 mV s-1. Tafel polarization curves and 

electrochemical impedance spectra (EIS) were obtained using symmetrical cells, at a scan 

rate of 50 mV s-1. The film area was confined to 0.25 cm2. The photocurrent density-

voltage characteristic was measured using a computer-controlled scanning potentiostat 

(Model 362, Princeton Applied Research, US). A 500 W Xe lamp (Trusttech Co., Beijing) 

with an AM 1.5G filter (Sciencetech, Canada) was used as the light source. The light 

intensity was measured by a radiant power meter (Newport, 70260) coupled with a 

broadband probe (Newport, 70268). 

 

 Results and Discussion  

5.3.1 Structure and Composition  

The crystal and structural properties of GO and S-doped reduced GO obtained via VPH 

treatment at 200 °C for 4 h (best performing sample) were characterized by X-ray 

diffraction (XRD) analysis and Raman spectra (Figure 5-2). According to the XRD 

patterns of GO and S-rGO, GO sheets have a strong diffraction peak at 2θ of 10.42ᵒ, 
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corresponding to the oxygen-containing functional groups [26]. However, the S-rGO 

sheets demonstrate a well-defined peak at 2θ of 25.71ᵒ, which is close to the d-spacing of 

the (002) crystal plane of graphite, indicating the possibility of sp2 carbon. Therefore, the 

XRD results confirm the efficient structure restoration of the graphitic framework during 

the VPH process [27].  

 

 
 

Figure 5-2 Crystal structure of the free-standing GO and S-rGO samples: a) XRD 

patterns; and b) room temperature Raman spectra  

 

Raman spectra analysis was also performed on the GO sheets and the resulting S-rGO 

samples obtained by VPH methods. Both a D peak at 1350cm-1 and a G peak at 1595cm-

1 are observed. The D band usually results from the defects and distortion of carbon layers, 

while the G band is closely related to the crystalline and graphitic structure. Therefore, 

the intensity ratio of D to G can clearly indicate the defect degrees of carbon materials.  

 

The chemical compositions and status of the element in the S-rGO sample with 5.55% 

sulfur doping was further investigated by XPS (Figure 5-3). The survey spectra of the S-

rGO sheets show the presence of four peaks, corresponding to carbon (C1s), oxygen 

(O1s), sulfur (S2s), and sulfur (S2p) [28-31]. There are two weak XPS signals appearing 
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from the peaks of S2s and S2p after VPH doping, which are demonstrated in the high-

resolution S2p XPS spectrum at 161.2, and 162.3 eV, corresponding to S2p2/3 (-C-S-C-), 

and S2p1/2 (-C-S-C-), respectively [32, 33]. Thus, the VPH process involves the S atoms 

directly doped into the carbon backbone. In addition, the C1s XPS spectrum of the S-rGO 

reveals the presence of C=C/C-C (284.2 eV), corresponding to the sp2 carbon, which is 

also found in the XRD pattern. Therefore, the XPS results demonstrate that GO sheets 

can incorporate with sulfur, transforming into rGO with 5.55 % sulfur doping via VPH 

method. 

 

 

Figure 5-3 XPSs of S-rGO sheets: a) Survey spectrum, b) High-resolution C1s XPS 

spectrum; c) High-resolution S2p XPS spectrum 

 

5.3.2 Optimization of the VPH conditions for S-doped rGOs 

To investigate the best VPH conditions for GO sulfur doping, various thickness of GO 

were synthesised, as 1-5 layers. The J-V (current density-voltage) curves were introduced 

to measure the photovoltaic performance of formed devices based on the best GO/FTO 

CE in different reaction temperatures during the VPH treatment. According to the J-V 

curves of various thickness GO sheets (Figure 5-4), the GO-3/FTO-based CE in DSSCs 
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has the best performance.  

 

 

Figure 5-4 J-V curves of DSSCs: a) GO-based CEs with different thickness GO sheets 

(1-5 layers indicate GO-1/FTO –GO-5/FTO, respectively), b) S-doped rGO-CEs based 

on the best GO material by VPH approach under various temperatures 

 

As shown in Table 5-1, the best GO material for further VPH treatment is GO with 3 

coated layers, which has the excellent cell efficiency (Ƞ) of 6.61% and the highest fill 

factor (FF) of 0.49. Based on the results, GO-3/FTO is the ideal GO sheet as a sulfur 

doping substrate in the VPH reactor. Furthermore, the doping process implemented at 

200ᵒC was selected due to the outstanding photovoltaic performance of the DSSC based 

on S-doped rGO (GO-3), as seen in Table 5-2.  

 

Table 5-1 Photovoltaic parameters of the DSSCs based on different thickness GO-CEs 
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Table 5-2 Photovoltaic parameters of the DSSCs based on S-rGO CEs via VPH 

approach under various temperatures 

 

 

The reaction duration of VPH treatment also plays an important role in the doping 

process, as it determines the content of doped sulfur in GO samples. GO with 3 layers 

FTO substrate was placed into the VPH reactor at 200 °C for a period of 1/2 h, 1h, 1.5h, 

2h, 2.5h and 4 h. 

 

According to the Raman spectrum in Figure 5-5, both a D peak at 1350 cm-1 and a G peak 

at 1595 cm-1 are observed in different reaction periods, which confirmed the efficient 

structural restoration of the graphitic framework during the VPH reaction. However, the 

intensity ratios of the D band to the G band (ID/IG) vary, which might be due to the 

additional defect stabilization by sulfur doping over time [29, 34]. Thus, it is necessary 

to investigate the chemical compositions and status of the sulfur element in the S-rGO 

sample in all VPH treatments with different reaction durations.  
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Figure 5-5 Room temperature Raman spectra of the GO-3 and S-rGO-3 samples by 

VPH approach at 200 °C over various durations  

 

According to Figure 5-6, the sulfur element increased after 4 h VPH treatment at 200 °C, 

while the chemical compounds were still the same. This indicates that VPH approach is 

related to reaction temperature and time.  

 

 

Figure 5-6 XPS Spectra of S-rGO sheets by VPH approach at 200ᵒC under various 

durations: a) Survey spectra; b) High-resolution S2p XPS Spectra 
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In addition, the J-V curves were introduced to measure the photovoltaic performance of 

formed the DSSCs, based on GO-3/FTO CE at 200 °C via VPH under different 

temperatures (Figure 5-7). 

 

 

Figure 5-7 a) J-V curves b) Tafel polarization curves of DSSCs based on S-rGO CEs 

obtained via VPH at 200 °C for different reaction time 

 

In summary, the GO/FTO films with 3 layers were synthesised by spin-coating method 

and had the best electrocatalytic activity via facile VPH method at 200 °C for 4 h. The 

introduced H2S produced by Al2S3 in water vapor acts not only as a sulfur dopant, but 

also a reducing agent in the formation of S-rGO sheets though the VPH reaction.  

 

5.3.3 Electrochemical Properties of S-rGO Sheets 

5.3.3.1 Cyclic Voltammetry  

Before comparing the photovoltaic performance of the S-rGO sample with other samples, 

the catalytic activity was evaluated by CV measurements, and the electrodes obtained 

under the same condition. According to Figure 5-8, GO, S-rGO and Pt samples show two 

pairs of redox peaks in the range from ~-0.4V to 1.2V, which represent the distinctive 

characteristic of I-/I3
- redox processes. The redox pairs at approximately -0.2V to 0.2V 

correspond to the reaction of I3
- + 2e- → 3I- that dominantly occurs in the DSSCs [35]. 
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The results demonstrate that GO and S-rGO samples are active catalysts for the reduction 

of triiodide to iodide. The catalytic activity of these graphene-based CEs can be 

determined by differences in the peak counter density (Jp) and the peak-to-peak separation 

of the redox peaks (Epp). It is notable that the S-rGO-CE has a higher peak current density 

and a smaller redox peak, indicating better catalytic activity than GO-based CE. More 

specifically, small redox peaks were observed in CV curves of GO-CEs at the negative 

potentials, indicating poor electrocatalytic activity toward the Iodine Reduction Reaction 

(IRR). However, after the introduction of S dopants in GO, the S-rGO has better current 

densities at the reduction peaks than the sample before the VPH treatment. In addition, 

peak-to-peak (Epp) of the S-doped GO was significantly reduced compared to the original 

samples. 

 

Figure 5-8 Cyclic voltammograms of GO, S-rGO and Pt electrodes in the I-/I3
- 

electrolyte 
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5.3.3.2 Tafel Polarization  

Tafel polarization curves were obtained for all samples using symmetric cells in the 

potential range -0.6 V to 0.6 V to further verify the electrocatalytic activity (Figure 5-9). 

The horizontal section of the curve can be attributed to the diffusion zone and the steep 

slope can be attributed to the Tafel zone [36]. The limiting diffusion current density (Jlim) 

is defined as the intersection of the cathodic branch with the Y–axis. In addition, the 

intersection of the cathodic branch with the equilibrium potential line can be considered 

as the exchange current density (Jo) [36]. The Tafel polarizations were measured at scan 

rate of 10 mV s-1. According to the Tafel curves in Figure 5-9, the GO electrode shows 

an irregular Tafel curve, which indicates poor catalytic abilities, while the S-rGO 

electrode has a steep Tafel slope, which is close to the Pt electrode Moreover, the Tafel 

polarization curve of the S-rGO demonstrates a higher Jo and Jlim than that of GO, which 

is attributed to the much higher surface areas of the reduced GO. 

 

Figure 5-9 Tafel polarization curves of GO-, S-rGO, and Pt based counter electrodes 
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5.3.3.3 Photocurrent Density-Voltage (J-V)  

The photocurrent density-voltage curves of the DSSCs assembled with different CEs are 

shown in Figure 5-10 and the values of Jsc, Voc, FF and ƞ are summarized in Table 5-3.  

 

Figure 5-10 Photocurrent density–voltage characteristics GO/FTO, S-rGO/FTO, and 

Pt/FTO CEs 

 

The photovoltaic performance of DSSCs with graphene-based CES is in the order of S-

rGO ˃  GO. The results indicate that the doping of graphene with sulfur via VPH enhances 

the electrocatalytic activity in the counter electrode, leading to a higher Jsc and FF 17.3 

mA cm-2 and 0.50, respectively. 

 

Table 5-3 Photovoltaic performance of DSSCs with different CEs  
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5.3.3.4 Electrochemical Impedance Spectra (EIS)  

To further investigate the electrocatalytic reaction on the CE/electrolyte interface of the 

prepared GO and S-rGO samples, electrochemical impedance spectra (EIS) were 

measured using a symmetric cell setup. Nyquist plots of the samples are illustrated Figure 

5-11. The semicircle corresponds to the charge-transfer process occurring at the 

electrode-electrolyte interface, which directly relates to the electrocatalytic activity of the 

CEs for the iodine reduction reaction (IRR), and the diameter of the semicircle represents 

the resistance of the electrochemical reaction. The high frequency intercept on the real 

axis corresponds to the Ohmic series resistance (Rs), which includes the sheet resistance 

of two identical electrodes and the electrolyte resistance. The span of a single semi-circle 

along the real axis from high to low frequency represents the charge-transfer resistance 

(Rct) at the electrode–electrolyte interface for the IRR [37]. 

 

 

Figure 5-11 Nyquist plots of a symmetrical cell configuration consisting of a) GO and 

S-rGO electrodes, b) High-resolution of Pt electrode 

 

The observed arch in the low frequency region indicates the diffusion resistance of the 

redox couple in the electrolyte. In an electrochemical reaction, a smaller diameter of the 

semicircle generally indicates a lower resistance of electrochemical reaction with a faster 

electron transfer rate.  
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GO is a semiconductor with high impedance, lower charge carrier mobility and few 

electrocatalytic sites. Thus, the electron transfer at the electrolyte/electrocatalyst interface 

is limited resulting in a significantly large charge transfer resistance. However, the 

resistance is dramatically decreased after the VPH doping process, as the smaller 

semicircle of the S-rGO sample, which must create preferable sites for IRR [38]. 

Furthermore, the impedance results of GO and S-rGo are consistent with the observed 

CV and Tafel polarization results. 

 

 Conclusion  

In summary, easily synthesized S-rGO sheets with excellent electrical properties were 

evaluated for the first time as counter electrodes in DSSCs. Various thickness GO sheets 

produced under different temperatures and durations were investigated, demonstrating 

that the best condition for the sulfur doping process was at 200 °C for 4 h . During the 

VPH process, the introduced Al2S3 slowly reacts with water vapor, producing H2S gas in 

the reactor, which can act not only a sulfur dopant, but also as a reducing agent in the 

formation of S-rGO sheets. The synergistic effects of sulfur dopant and reducing agent 

dramatically enhance the electrocatalytic performance of the resulting S-rGO sample. The 

DSSCs equipped with S-rGO counter electrode (CE) demonstrate significantly improved 

electrocatalytic activities leading to a reasonable energy conversion efficiency of 6.58%. 

In conjunction with the previous studies, the great potential of VPH as a facile but 

effective method for a wide range of synthesizing applications for electrocatalytic 

materials is confirmed. 
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6.1 Introduction  

Over the last decade, the need for alternative energy conversion from renewable sources 

and high efficiency storage devices has greatly increased due to the depletion of fossil 

fuels and increasing environmental pollution [1]. Dye-sensitized solar cells (DSSCs) have 

become one of the most encouraging photovoltaic devices due to their simple preparation, 

low cost and reasonably high photovoltaic cell efficiency [2]. Counter electrodes (CE) 

are one of the most crucial and indispensable components, as they transfer electrical 

energy from an external circuit and accelerates the I3
- reduction reaction. Thus, high 

electrical conductivity and outstanding electrocatalytic activity are the most important CE 

characteristics to improve the photovoltaic efficiency of DSSCs [3]. Although noble Pt 

metal currently has the best performance as a CE material in DSSCs, it has certain 

disadvantages indeed. Pt-metal based CEs are expensive and difficult to synthesise unless 

it is under certain harsh reaction environment. In addition, Pt-based CEs are susceptible 

to corrosion by I3
-/I- based redox electrolyte [4, 5]. Therefore, the development of 

alternative CE materials with low-cost fabrication methods is needed.  

 

Various transition metal oxides and graphene have been investigated as Pt-like 

alternatives via VPH method. Among transition metal oxides, the VPH approach has been 

developed for fabrication of high-performance S-doped Co3O4, NiO, Fe2O3, CuO, V2O5, 

WO3 and MoO3 electrocatalyst, with the efficiencies of 7.79%, 8.05%, 7.48%, 1.96%, 

0.22%, 7.07% and 4.27%, respectively. Based on cell efficiencies, S-Co3O4, S-NiO, S-

Fe2O3 and S-WO3 based CEs are strongly recommended for use in DSSCs. Further efforts 

are required to enhance the electrocatalytic activity using an easy, cost-effective approach 

to incorporate carbon-based materials into electrochemical active components. Among 

the carbon-based materials, carbon black, graphite, active carbon, and graphene have 
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been considered potential Pt-like alternatives, due to their abundance, environmental 

friendliness, thermal stability, high-conductivity and excellent catalytic activities. [6, 7]. 

Reduced graphene oxide (rGO) is a typical 2D nanosheet exfoliated from graphene with 

a honey comb lattice structure [8, 9]. RGO is regarded as an ideal carbon material in 

catalysis, energy storage and conversion applications, due to its high conductivity and 

hydrophilic properties. Significant effort has focused on rGO-based materials, aiming to 

form highly efficient catalysts for DSSCs [10, 11]. The active site of rGO is a critical 

factor for the I3
-/I- reduction reaction, but there is drawback with it as the number 

limitations. In addition, the rGO nanosheet is easily re-aggregated when extracted from 

suspensions, due to its π-π stacking, leading to decreased electrocatalytic active sites, 

which causes poor catalytic performance in triiodide reduction [12]. It is necessary to 

form composites by combining rGO with other materials to increase the active sites and 

stability, such as doped with heteroatom [13], synthesized with binary metal sulphides 

(NiS, CoS, SnS2, and WS2), phosphides (Ni2P), selenides and tellurides [14-17]. Although 

these combinations can improve electrocatalytic activity towards I3
- reduction due to 

synergistic effects, the harsh reaction conditions and noxious by-products during the 

treatment are significant issues to overcome. According to the pervious study as 

demonstrated that the fabrication of GO-based CE via VPH method, produced synergistic 

effects between the sulfur dopant and reducing agent which dramatically enhanced the 

electrocatalytic performance of S-rGO samples [18, 19]. More importantly, this one-step 

facile VPH method has limited effect on rGO structure but successfully introduced S 

atoms to improve the electrocatalytic activity of rGO. The DSSCs equipped with S-rGO 

CE achieved an energy conversion efficiency of 6.58%. The rGO/Co3O4 and rGO/Fe2O3 

composites were successfully synthesized by hydrothermal treatment [20, 21], but 

involved rigorous preparation parameters, that could limit the mass production of 
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rGO/metal composites. In addition, it has been indicated that the synthesising by doping 

approach can dramatically enhance the conductivity and catalytic activity of rGO. 

 

Hence, S-doped rGO/Co3O4, rGO/Fe2O3, and rGO/NiO composites were prepared via a 

simple one-step VPH method. During the process, the resultant S produced by Al2S3 with 

water vapor in the VPH reactor could react with GO/Co3O4, GO/Fe2O3 and GO/NiO to 

form S-doped Co3O4, S-doped Fe2O3 and S-doped NiO, respectively. Simultaneously, 

GO nanosheets could be doped by sulfur element, leading to S-doped rGO. For the first 

time, the S-rGO/NiO was synthesised; S-rGO/Co3O4 and S-rGO/Fe2O3 were used as the 

CE in DSSC.  

 

6.2 Experimental Section  

6.2.1 Preparation of Samples  

6.2.1.1 Chemicals and Materials  

Cobalt (II) nitrate hexahydrate (98%) (Co(NO3)2 • 6H2O), nickle nitrate hexahydrate 

(Ni(NO3)2) (99.9%), iron(III) sulfate hydrate (Fe2(SO4)3), graphite powder with particle 

sizes < 20 μm, aluminium sulfide (Al2S3), LiClO4 (98%) and NaNO3 were obtained from 

Sigma-Aldrich. Anhydrous LiI, I2, and acetonitrile (ACN) were purchased from Merck. 

4-tert-Butylpyridine (TBP, 96%) and tert-butanol (TBA, 99.5%) were purchased from 

Acros. Ethanol (ACS reagent, 99.5%) was purchased from Aldrich Chemical Co. The 

commercial TiO2 electrodes, Pt electrodes and electrolyte were purchased from Sol. All 

chemicals were used without further purification. Deionized water (DI) was used 

throughout the experiments.  
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6.2.1.2 Synthesis of FTO Films of Co3O4, NiO, and Fe2O3/GO  

In this project, GO was prepared by exfoliation of natural graphene via modified 

Hummer’s method [22]. More specifically, graphite powder (2 g) were mixed with 35 ml 

98 % H2SO4 in a round bottom flask along with ice bathing for 2 h. The required amount 

of KMnO4 (6g) was gradually added into the reaction solution, followed with stirring at 

room temperature for another 2 hours. The resulting solution was diluted by 90ml of DI 

water under vigorous stirring, and the dark brown suspension was further treated by 

adding 10 ml 30% H2O2 solution, and another 150 ml DI water. The resulting graphite 

oxide suspension then was washed by repeated centrifugation, first with 5% HCl aqueous 

solution followed with DI water until the pH of the solution was 7. The GO nanostructures 

were obtained by adding 160 ml DI water to the resulting precipitate and sonicating for 1 

h to attain a uniform suspension of GO. The single layer GO/FTO film was then prepared 

using spin-coating methods [23] over the FTO substrate.  

 

Co3O4/GO FTO substrate was prepared according to the method by Tan et al. with a little 

modification [24]. Briefly, in a typical chemical bath deposition, GO/FTO substrate was 

suspended with the conductive side facing downwards in a container with a 50 ml volume 

aqueous solution containing 6.25 wt% of urea and 4.4 g of cobalt nitrate. The pink films 

on the GO/FTO were the precursor cobalt hydroxide carbonate, which then were 

converted to the film of Co3O4/GO FTO at 400 °C for 2 h by calcination in air.  

 

The electrodeposition of Ni(OH)2 and Fe(OH)3 precursor were formed directly on the 

GO/FTO substrate using a three-electrode electrochemical cell, with an Ag/AgCl 

electrode as the reference electrode and Pt as the counter electrode. In specific, the 

Ni(OH)2 and Fe(OH)3 film was obtained in a 0.1M NaNO3 contained electrolyte with 
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0.05M Ni(NO3)2 and Fe2(SO4)3 at a constant current of 1.0 mA cm-2 for 100s with a CHI 

760D Electrochemical Workstation (CHI Instruments, Inc.). The obtained films were 

converted into NiO/GO and Fe2O3/GO films via sintering at 350 °C and 450 °C for 30 

min in air, respectively.  

 

6.2.1.3 Fabrication of S-doped rGO/Co3O4, rGO-NiO and rGO/Fe2O3 Counter 

Electrodes  

The S-doped rGO/Co3O4, rGO/NiO and rGO/Fe2O3 sheets were synthesized by using 

prepared FTO films of GO/Co3O4, GO/NiO and GO/Fe2O3 via vapor-phase hydrothermal 

(VPH) method with hydrogen sulphur gas generated from the reaction of Al2S3 (0.26 g) 

and DI water (60 μl) without direct contact in the VPH sealed reactor. The various 

reacting temperatures for GO/Co3O4, GO/NiO and GO/Fe2O3 at 90 °C, 150 °C, and 200 

°C for 4 h, respectively, were carefully investigated. 

 

6.2.1.4 Assembly of DSSCs Devices  

The FTO substrates were cleaned with a mixed solution of acetone and ethanol (1:1) by 

ultrasonication, followed by spin coating with 20 mM TiCl4 aqueous solution and heated 

at 450 °C for 30 min to make the TiO2 compact layer. The P25 TiO2 nanoparticles were 

successfully coated on the top of the layer with polyethylene glycol, triton X-100, 

acetylacetone and DI water via doctor blade method [25]. The coated films then were 

calcined at 450 °C for another 1 h in air. After calcination, the substrates were put into 

0.3 mM N719 industry dye solution in ethanol for about 24 h. The sensitized TiO2 

electrode was coupled with the various CEs to fabricate the DSSC; these two electrodes 

were separated by a 60 μm thick Surlyn and sealed by heating. The electrolyte was 

injected into the gap between the two electrodes by a vacuum pump, and the hole was 
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sealed with hot-melt glue after the electrolyte injection. 

 

6.2.2 Characterization and Calculation  

Raman spectra were collected with a Renishaw 100 system Raman spectrometer using 

632.8 nm He-Ne laser. The scattered light was detected with a Peltier-cooled CCD 

detector with a spectral resolution of 2 cm−1. The grating was calibrated using the 520 

cm−1 silicon band. Chemical compositions of the GO/S-rGO samples were analysed by 

X-ray photoelectron spectroscopy (XPS, Kratos Axix ULTRA incorporating a 165mm 

hemispherical electron energy analyser). All the binding energies were aligned by 

reference to the C1 peak, which is at 284.7eV, arising from surface hydrocarbons or 

possible extrinsic hydrocarbon.  

 

6.2.3 Electrochemical Measurements  

Cyclic voltammetry (CV) measurements were in a three-electrode system, where 

Ag/AgCl is the reference electrode, Pt foil is the counter electrode (CE) and GO, S-rGO 

is the working electrode. The electrocatalytic activities of these graphene-based 

electrodes towards triiodide reduction in an I-/I3
- redox solution were investigated in the 

system at a scan rate of 100mV s-1. The electrolyte was a solution of acetonitrile with 

10mM LiI, 1mM I2, and 0.1M LiClO4. 

 

CV curves were recorded at a scan rate of 100 mV s-1. Tafel polarization curves and 

electrochemical impedance spectra (EIS) were obtained using symmetrical cells, at a scan 

rate of 50 mV s-1. The film area was confined to 0.25 cm2. The photocurrent density-

voltage characteristic was measured using a computer-controlled scanning potentiostat 

(Model 362, Princeton Applied Research, US). A 500 W Xe lamp (Trusttech Co., Beijing) 
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with an AM 1.5G filter (Sciencetech, Canada) was used as the light source. The light 

intensity was measured by a radiant power meter (Newport, 70260) coupled with a 

broadband probe (Newport, 70268). 

 

6.3 Results and Discussion  

6.3.1 Structure and Composition  

The presence of rGO and S-Co3O4 in the composites were confirmed by Raman 

spectroscopy. As shown in the corresponding Raman spectra of S-Co3O4 and S-

rGO/Co3O4 in Figure 6-1, a weak peak appears between 1000 cm-1 and 1500 cm-1 after 

VPH treatment, which might represent graphene bands. Meanwhile, room-temperature 

Raman spectra of these two samples demonstrate five peaks which can be attributed to S-

doped Co3O4 [24], confirming the formation of S-Co3O4 during the VPH process.  

 

 

Figure 6-1 S-Co3O4 and S-rGO-Co3O4 composite a) Raman spectra, b) XPS spectrum 

 

The as-prepared S-rGO/Co3O4 was also characterized using XPS technique. It is found 

the core level spectra of S2p after VPH treatment, which confirmed the existence of C-S 

bonds, indicating that S atoms were successfully doped into Co3O4 nanoparticles to form 

S-doped Co3O4. In addition, S-atoms were also doped into GO sheets during the process. 
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Therefore, Co3O4 and S-rGO were obtained simultaneous.  

 

The presence of rGO and S-NiO in the composites could be also confirmed by Raman 

spectroscopy. As shown in Figure 6-2, the corresponding Raman spectra of S-NiO and S-

rGO/NiO, two strong peaks appears at 1339 cm-1
 and 1596 cm-1 after VPH treatment, 

which are assigned to D- and G-bands of graphene, respectively [26]. Meanwhile, room-

temperature Raman spectra of these two samples demonstrate 2 peaks which can be 

addressed to S-doped NiO [27], confirming the formation of S-NiO during the VPH 

process.  

 

 

Figure 6-2 S-NiO and S-rGO-NiO Composite a) Raman spectra, b) XPS spectrum 

 

The as-prepared S-rGO/NiO was also characterized using XPS which confirmed the core 

level spectra of S2p after VPH treatment. The spectra indicated the existence of C-S bonds, 

indicating that S atoms were successfully doped into NiO nanoparticles to form S-doped 

Co3O4. In addition, S-atoms were also doped into GO sheets during the process. Therefore, 

NiO and S-rGO were obtained simultaneously.  

 

The presence of rGO and S-Fe2O3 in the composites was also confirmed by Raman 
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spectroscopy. As shown in the corresponding Raman spectra of S-Fe2O3 and S-

rGO/Fe2O3 in Figure 6-3, similar to the S-NiO samples, two strong peaks appears at 1342 

cm-1
 and 1611 cm-1 after VPH treatment, which are assigned to the D- and G-bands of 

graphene, respectively [26]. Meanwhile, room-temperature Raman spectra of these two 

samples demonstrate four peaks which can be assigned to S-doped Fe2O3 [28], confirming 

the formation of S-Fe2O3 during the VPH process.  

 

 

Figure 6-3 S-Fe2O3 and S-rGO-Fe2O3 Composite a) Raman spectra, b) XPS spectrum 

 

The sample of S-rGO/Fe2O3 was also characterized using XPS. The core level spectrum 

of S2p after VPH treatment confirmed the existence of C-S bonds, indicating that S atoms 

were successfully doped into Fe2O3 nanoparticles to form S-doped Fe2O3. In addition, 

according to the results based on S-GO, S-atoms were also doped into GO sheets during 

the process. Therefore, Fe2O3 and S-rGO were also obtained simultaneously. 

 

6.3.2 Electrochemical Properties  

6.3.2.1 Electrochemical Results of S-Co3O4 and S-rGO/Co3O4  

The catalytic activities for the resulting composite of S-rGO/Co3O4 toward triiodide 
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reduction were evaluated using CV measurements. Co3O4 prepared under the same VPH 

condition without GO mixed were also tested for comparison. There are two pairs of 

redox peaks in the Figure 6-4 above, and they can be assigned to the reactions of 1): I3
- + 

2e → 3I- and 2):3I2 + 2e → 2I3
-. As know, one of the major functions of for the CE in 

DSSCs is to catalyse the reduction of I3
-, corresponding to the left pair in the CV curve 

[29]. Epp value is also a very useful parameters for assessing the catalytic activity of a CE 

[30]. In Specific, Epp of S-rGO/Co3O4 composite is smaller than that for S-doped Co3O4, 

indicating that there are only a small changes in reduction for triiodide ions with 

composite electrodes. Therefore, the enhancement of the S-rGO/Co3O4 composite in 

catalytic activity on the I3
- reduction is hard to detective.  

 

 

Figure 6-4 CV curves for S-Co3O4 and S-rGO/Co3O4 electrodes  

Further investigation of electrocatalytic activity of S-rGO/Co3O4 was performed by Tafel 

polarization, which has three zones, the polarization zone, Tafel zone and diffusion zone 

at a low potential, middle potential with large slope and high potential, respectively. 
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Among these three zones, Tafel and diffusion zones have much closer relationships with 

the electrocatalytic activities of catalysts. The exchange current density (Jo) varies 

inversely with Rct, as Jo =  
𝑅𝑇

𝑛𝐹𝑅𝑐𝑡
, where R is the gas constant, T is the temperature, F is 

Faraday’s constant, n is a number of electrons in reaction and Rct represents the charge 

transfer resistant [31]. The limiting diffusion current density (Jlim) has a positive 

relationship with diffusion coefficient (D), as D =
𝑙

2𝑛𝐹𝐶
𝑗 lim, where D is the diffusion 

coefficient of the triiodide, l is the spacer thickness, C is the concentration of triiodide, n 

and F is are as above. The S-rGO/Co3O4 film had lower Jo and Jlim in the Tafel plots than 

S-doped Co3O4 (Figure 6-5). It may be because the surface areas of the composite are 

smaller than the previous S-doped Co3O4. The Tafel studies shown that S-rGO/Co3O4 did 

not have better electrocatalytic properties than only S-doped Co3O4. 

 

 

Figure 6-5 Tafel polarization of S-Co3O4 and S-rGO/Co3O4  

The Nyquist plots for S-Co3O4 and S-rGO/Co3O4 electrodes were analysed by EIS 
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measurement (Figure 6-6). The high frequency intercept on the real axis is assigned to 

series resistance (Rs) of the symmetrical cell, and the charge transfer resistance (Rct) at 

the electrode/electrolyte interfaces for the I3
- reduction. A smaller semicircle diameter of 

the semicircle in general indicates a lower resistance of electrochemical reaction while 

with a faster electron transfer rate. The EIS spectra of S-Co3O4 and S-rGO/Co3O4smapes 

show similarly small Rs and Rct, in which S-Co3O4 has a better performance. These 

impedance results are in good agreement with the obtained CV curves and Tafel plots for 

Co3O4 after VPH treatment.  

 

 

Figure 6-6 EIS spectra of S-Co3O4 and S-rGO/Co3O4 

 

6.3.2.2 Electrochemical Results of S-NiO and S-rGO/NiO 

The catalytic activities for the S-rGO/NiO composite toward triiodide reduction were also 

evaluated using CV measurements. NiO prepared under the same VPH condition without 
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GO mixed were also tested for comparison. According to the CV Figure 6-7, S-NiO and 

S-rGO/NiO samples show two pairs of redox peaks in the range from ~-0.4 V to 1.2 V, 

which represent the distinctive characteristics of I-/I3
- redox processes. The redox pairs at 

-0.2 V to 0.2 V correspond to the reaction of I3
- + 2e- → 3I- that dominantly occurs in the 

DSSCs. The results demonstrate that S-NiO and S-rGO/NiO samples are active catalysts 

for the reduction of triiodide to iodide. The catalytic activity of these NiO-CEs can be 

determined by differences in the peak counter density (Jp) and the peak-to-peak separation 

of the redox peaks (Epp). It is seen that the S-rGO/NiO has a higher peak current density 

and a smaller redox peak, indicating a better catalytic activity than S-doped NiO-based 

CE. 

 

 

Figure 6-7 CV curves for S-NiO and S-rGO/NiO electrodes  

 

Tafel polarization curves of S-NiO and S-rGO/NiO based counter electrodes were 

obtained using symmetric cells in the potential range of -0.6 V to 0.6 V to further verify 
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the electrocatalytic activities. The scan rate for the measurement was 10 mV s-1. The 

catalytic properties of the electrode are determined by the Tafel zone, which is at the 

middle of the curve with a steep slope. The exchange current density (Jo), which is the 

intersection of the cathodic branch and the equilibrium potential line of the corresponding 

Tafel curves, is directly related to the electrocatalytic ability of an electrode [32]. As 

shown in the Figure 6-8 above, all S-rGO/NiO electrodes displayed a steeper Tafel slope, 

which confirmed their better catalytic activity performance.  

 

 

 

Figure 6-8 Tafel polarization of S-NiO and S-rGO/NiO 

 

EIS measurement was carried out to investigate the charge transfer process to evaluate 

the catalytic activity of the S-NiO and S-rGO/NiO. The Nyquist plots for S-NiO and S-

rGO/NiO electrodes are illustrated in Figure 6-9. The semicircle corresponds to the 

charge-transfer process occurring at the interface of the electrode and the electrolyte, 
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which directly represents the electrocatalytic activity of the CE for the reduction of 

triiodide ions. The diameter of the semicircle indicates the resistance of the 

electrochemical reaction. 

 

According to the EIS spectra in Figure 6-9, S-doped NiO with GO mixed sample had 

smaller impedance, which means it has a higher charge carrier mobility and relatively 

good conductivity compared with S-NiO only. The results of these impedance 

measurements are consistent with the obtained CV and Tafel curves.  

 

 

Figure 6-9 EIS spectra of S-NiO and S-rGO/NiO 

 

6.3.2.3 Electrochemical Results of S-Fe2O3 and S-rGO/Fe2O3 

The catalytic activities for the S-rGO/Fe2O3 composite toward triiodide reduction were 

measured using CV measurement, which was carried out in a three-electrode system with 

a scan rate of 50 mV s-1, with Ag/AgCl as the reference electrode, Pt foil as the counter 
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electrode, and S-rGO/Fe2O3 as working electrodes, respectively. Fe2O3 prepared under 

the same VPH condition without GO mixed were also tested for comparison. According 

to Figure 6-10, significant current and oxidation–reduction were observed for both S-

Fe2O3 and S-rGO/Fe2O3 CEs at the potential range from -0.4 to 1.2 V, which indicted 

high electrocatalytic activity towards the I-/I3
- redox reaction. After GO was introduced, 

S-rGO/Fe2O3 showed an observable improvement, where Fe2O3 with lots of surfaces can 

act as catalytic active sites, and S-rGO played a role in both the conductive network of 

the formed composite and the catalytic active sites. 

 

 

Figure 6-10 CV curves for S-Fe2O3 and S-rGO/Fe2O3 Electrodes  

 

Tafel polarization curves of S-Fe2O3 and S-rGO/Fe2O3 based counter electrodes were 

obtained using symmetric cells to further verify the electrocatalytic activities. 
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Figure 6-11 Tafel polarization of S-Fe2O3 and S-rGO/Fe2O3 

 

Tafel Polarization data were obtained using symmetric cells in the potential range of -

0.6V to 0.6V with a scan rate of 10 mV s-1. As previously mentioned, the catalytic 

properties of the electrode are determined by the Tafel zone, which is at the middle of the 

curve with a steep slope. The exchange current density (Jo), which is the intersection of 

the cathodic branch and the equilibrium potential line of the corresponding Tafel curves, 

is directly related to the electrocatalytic ability of an electrode [32]. As shown in Figure 

6-11, all S-rGO/Fe2O3 electrodes displayed a steeper Tafel slope and a higher Jo, 

indicating the excellent catalytical activity.  

 

EIS measurement was carried out to investigate the charge transfer process to evaluate 

the catalytic activity of S-Fe2O3 and S-rGO/Fe2O3 in the reduction of I3
-. The Nyquist 

plots are illustrated in Figure 6-12. The semicircle indicates to the charge-transfer process 

that occurs at the interface of the electrode and the electrolyte, which demonstrates the 
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electrocatalytic activity of the CE for the IRR. The resistance of the electrochemical 

reaction is represented by the diameter of the semicircle. According to Figure 6-12, these 

Fe2O3-based CEs all have a small semicircle diameter of the semicircle. However, S-

rGO/Fe2O3-CE has the lowest impedance, which means it has an outstanding conductivity 

compared with the S-Fe2O3 sample. Overall, both EIS and Tafel studies showed that S-

rGO/Fe2O3 possessed excellent electrocatalytic properties. 

 

 

Figure 6-12 EIS spectra of S-Fe2O3 and S-rGO/Fe2O3 

 

6.3.2.4 Photovoltaic Performance Comparisons of DSSCs using S-rGO/Co3O4, S-

rGO/NiO, and S-rGO/Fe2O3 CEs. 

The CV, Tafel and EIS results indicated that composite electrodes could be potential CE 

materials for high-performance DSSCs. Therefore, composite electrodes were assembled 

with N719-sensitezed TiO2 electrode to form DSSC devices. Pt, S-rGO/Co3O4, S-
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rGO/NiO, and S-rGO/Fe2O3 electrodes were assembled with the same process as 

described in the experiment section.  

 

The photocurrent density-voltage curves of DSSCs with different CEs are shown in 

Figure 6-13, with the corresponding photovoltaic parameters summarized in Table 6-1. 

 

 

Figure 6-13 Photocurrent density-voltage Curves for DSSCs with different CEs  
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Table 6-1 Photovoltaic Parameters for DSSCs with Different CEs  

Sample Jsc (mA/cm2) Voc (V) FF Ƞ (%) 

GO 18.49 0.72 0.50 6.64 

S-rGO/NiO-1 18.18 0.73 0.72 9.57 

S-rGO/NiO-2 18.13 0.73 0.73 9.61 

S-rGO/Fe2O3 18.22 0.72 0.71 9.32 

S-rGO/Co3O4-1 17.68 0.74 0.70 9.18 

S-rGO/Co3O4-2 17.89 0.72 0.71 9.09 

S-NiO 16.68 0.72 0.67 8.05 

S-Fe2O3 16.24 0.73 0.63 7.47 

S-Co3O4 18.00 0.72 0.68 8.86 

Pt 18.71 0.75 0.66 9.24 

 

The DSSCs based on GO, S-NiO, S-Fe2O3 and S-Co3O4 had reasonable power conversion 

efficiency (PCE) of 6.64%, 8.05%, 7.47% and 8.86%, respectively. However, the PCE of 

these devices were enhanced by application of the composite CEs. The efficiency of 

devices containing for S-rGO/NiO, S-rGO/Fe2O3 and S-rGO/Co3O4 is 9.61%, 9.32%, and 

9.18%, respectively. In addition, the devices with S-rGO/NiO and S-rGO/Fe2O3 had 

much higher Jsc than those CEs without GO mixture, due to the improved catalytic activity 

in these composites, which had many more active sites for triiodide reduction, leading to 

accelerated for the dye regeneration at the photoanode. The results are in good agreement 

with the results of the CV, Tafel and EIS analyses. There were no obvious changes for 

Co3O4 involved samples, and the best performance was from S-rGO/NiO CE.  

 

6.4 Conclusion  

S-doped rGO/NiO, S-doped rGO/Fe2O3 and S-doped rGO/Co3O4 were synthesizied via a 
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one-step VPH process. These transition metal oxides or rGO was effectively inhibited 

and among these the farbricated composite electrodes, S-rGO/NiO and S-rGO/Fe2O3 

demonstrated remarkable improved catalytic activity on I3
- reduction, even compared to 

S-NiO and S-Fe2O3. DSSCs fabricated with a S-rGO/NiO and S-rGO/Fe2O3 CE showed 

high energy conversion effciency of 9.61% and 9.32%, respectively, which is better than 

the DCCS based on Pt CE (9.24%).  

 

The results demonstrate the composites, such as S-rGO/NiO and S-rGO/Fe2O3 prepared 

via one-step VPH treatment are potential Pt-like counter electrodes (CEs) for high-

performance dye-sensitized solar cells (DSSCs).  
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7.1 Summary  

The potential value of solar energy for the sustainable energy demands of future 

generations has been proven, however, there several areas in PV technologies need 

improvement such as conversion efficiency, cost, durability, and sustainability. Much 

effort is being put into development of possibly chapter thin-film based solar cells based 

on earth abundant materials systems, due to the relative expense of semiconductor-grade 

silicon wafers. Over the past two decades, nanotechnologies have made great 

contributions to emerging new concepts and designs of solar cell architectures. With 

continuing rapid discovery and invention, third-generation solar cells have attracted 

considerable scientific interest and attention, especially Dye-sensitized Solar Cells 

(DSSCs), which are ideal solar energy conversion devices. DSSCs are a promising future 

technology, due to their inherent cost reduction potential, as they are based on the use of 

inexpensive components simple fabrication processes and have wide applicability.  

 

Despite their potential, improvement in DSSCs fabrication are needed. Thus, the research 

work in this thesis focused on fabrication of high efficiency DSSCs via a facile vapor-

phase hydrothermal (VPH) method. More specially, the VPH doping was used to heavily 

dope cobalt oxide nanosheet films in-situ for the creation of electrocatalytically active 

sites, strengthening the knowledge of the structure/performance relationship of metal 

chalcogenide materials. Followed the finding, the VPH method was further investigated 

through multiple metal oxides, CuO, V2O5, WO3 and MoO3 nanosheets in-situ doping 

processes. Besides metal compounds, the VPH approach was also used for synthesis of 

S-rGO sheets with excellent electrical properties and evaluated these sheets as counter 

electrodes in DSSCs, and this was the first time that this had been done. Due to the 

potential of VPH as a facile but effective method in a wide range of synthesizing 



CHAPTER 7 

202 
 

applications for electrocatalytic materials, a one-step in-situ VPH doping approach was 

used for fabricating of composite CEs. Based on this study, DSSCs fabricated with S-

rGO/NiO, and S-rGO/Fe2O3 CEs showed a high-energy conversion efficiency of 9.61% 

and 9.32%, respectively, which were better than that of DSSCs based on Pt CE (9.24%). 

These results demonstrated that inhibiting the aggregation of transition metals oxides was 

an efficient method to improve their catalytic actives on triiodide reduction.  

 

Much of the above work in this thesis involved using the VPH for sulfur doping of serval 

transition metal oxides and graphene, which have been confirmed that it could 

dramatically enhance the electrocatalytically abilities of the resultant materials. 

 

7.2 Future Work 

This thesis demonstrated the promise of the novel Vapor-phase hydrothermal (VPH) 

doping approach to develop low cost, earth abundant, high performance and chemically 

stable materials as the electrocatalysts in DSSCs. However, many questions remain 

requiring further investigations in the following areas:  

 

1. Apart from listed transition metal (Co, Cu, Fe, Ni, V, W, Mo and Mn) oxides, 

efforts could be devoted to the exploration of the capability of VPH for introducing 

non-metal elements into various metal compounds, such as chalcogenides, nitrides, 

phosphides, carbides which already demonstrate outstanding electrocatalytic activities.  

 

2. Although a good correlation has been demonstrated between the sulfide species 

and the electrocatalytic activities has been investigated, insights into the actual 

electrocatalytic sites on the as-prepared products or their electrochemically activated 
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substance is of crucial importance for mechanistic investigation. The utilization of 

operando, in-situ characterization techniques such as scanning electrochemical 

microscopy, Raman spectra, FT-IR, X-ray absorption spectroscopy combined with 

electrochemical techniques will provide direct evidence to reveal the 

structure/performance relationship. 

 

3. Other than electrocatalysis, the performance of other energy conversion devices, 

such as photocatalysis, photovoltaic devices, is sensitive to the surface atomic structure 

of the electrode materials which could be purposely manipulated using the surface 

doping concept demonstrated in this thesis. It is of author’s strong belief that the 

efficient doping of atomic structure under VPH conditions will provide new avenues 

for high performance of the aforementioned devices. 

 

Overall, this thesis has demonstrated the fabrication of low cost, earth abundant, high 

performance and chemically stable materials as the electrocatalysts in DSSCs by using 

an in-situ VPH doping approach. This synthetic method can applied to prepare counter 

electrodes, based on large variety of nanostructured metal oxides and graphene. The 

sulfur doping mechanism during VPH described in this thesis can be used as a guide for 

fabrication of counter electrodes in DSSCs, even controllable growth of nanostructures 

for a wide range of applications.  




