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Abstract 

There has been an increasing demand of energy for socioeconomic activities and global 

population growth. Such gigantic amount of energy has been dominantly supplied with 

the consumption of fossil fuels that cannot be reliably generated in near future. This 

energy crisis has recently raised as a global issue that has attracted widespread attention. 

Abundant, renewable and environmentally friendly solar energy is one of the alternative 

energy sources to reduce the current dependence on traditional fossil fuels and help 

alleviate the environmental pollution. As such, photovoltaic devices, or solar cells, that 

convert solar energy into electricity have been explored intensively by academia and 

industries. Dye sensitized solar cells (DSSCs) have been proven to be one of the more 

economic, versatile and robust photovoltaic devices. However, the use of expensive, 

scarce novel metal, normally platinum or its alloys, as the counter electrode material 

has to a large extent been limiting the practical application of DSSCs. Thus there are 

urgent needs to develop low cost, earth abundant, high performance, chemical stable 

materials as the electrocatalysts for DSSCs.  

Metal oxides are one of the most abundant and stable substances on earth however they 

do not demonstrate high electrocatalytical activities as counter electrode materials. The 

aim of this thesis is to develop a generic approach to convert the wildly available metal 

oxide into high performance electrocatalyst as counter electrode materials for DSSCs. 

The thesis has been structured as followings to achieve the goals: in chapter 1, an 

overview on the photovoltaic devices and DSSCs has been presented. In particular, the 

research background on the counter electrode materials of DSSCs has been provided 

with a mini review of the electrode materials developed to date. In chapter 2, Co3O4 

nanowires films have been fabricated as the starting materials and subsequently 

converted into sulphur doped (S-doped) Co3O4 using a vapour-phase hydrothermal 

(VPH) approach. The structure of Co3O4 film and VPH parameters have been optimized 

to achieve the best electrocatalytic performance that demonstrates significant 

improvement compare with the pristine Co3O4 film. In chapter 3, thin Co3O4 nanosheets 
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film has been fabricated and converted in to S-Co3O4 film using VPH method. It has 

been demonstrated that an unprecedentedly high surface S content (>47%) has been 

achieved and the photovoltaic conversion efficiency of the DSSCs with such S-Co3O4 

film was as superior as the one with benchmark Pt electrocatalysts. In chapter 4, the 

applicability of VPH method as a generic approach to convert metal oxides into 

electrocatalytic active materials has been investigated. Metal oxide films such as NiO 

and Fe2O3 have been successfully fabricated and modified with VPH treatment. The 

DSSCs equipped with such films as counter electrode have exhibited significantly 

improved solar to electricity conversion efficiency compared to those with equipped 

with pristine metal oxide film. Based on the findings in thesis, a conclusion has been 

provided in chapter 5 followed by a perspective on future research.  
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Chapter 1. General Introduction 

1.1 Backgrounds  

Energy is an essential human need for economic growth and socioeconomic 

activities, while the 80% of all energy consumed worldwide is supported by combustion 

of fossil fuels. However, energy demand has been exponentially increased in recent 

decades. For example, the relationship between energy consumption and gross national 

product (GNP) is studied in both developed and developing countries which shows the 

growth of GNP accompanying energy consumption increased in several times.1-2 

Meanwhile, as the increasing growth of population year by year and development of 

the global industrialization, much more energy is demanded to meet the basic need of 

human and the development of the world. According to statistics,3 there is a nearly 20-

fold increase in world energy use since 1850, and the growth of world population over 

this period was responsible for 52% of the energy growth, while growth in per capita 

energy use was responsible for 48% because of increased living standards. Fossil fuels 

are being consumed with a rate much faster than they are produced. In fact, in 2002, 

the resource reserves of fossil fuels throughout the whole world were predicted to last 

40 years for oil, 60 years for natural gas and 200 years for coal.4 Thus energy shortage 

is becoming as an inevitable issue in coming future limiting the development of the 

human society. 

On the other hand, the consumption of conventional energy (via combustion of coal, 

petroleum and natural gas) may result in serious environmental contamination like air 

pollution, water pollution, and greenhouse effects and billions of dollars are used for 

the environmental remediation annually.5-7 Today, to reduce the reliance on limited 

traditional fossil energy and the environment pollution during traditional energy 

production processes, renewable and sustainable sources such as wind energy, solar 

energy, chemical energy, and biological energy need to be utilized and explored.8-9 

Among these renewable energy, solar energy is considered as ideal alternatives to the 
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conventional fossil source for the generation of electricity which is most used in the 

residential and industrial areas. In order to explore and use solar energy efficiently, high 

performance photovoltaic devices have to be used and their fabrication has attracted 

considerable and persistent attentions.9-10 So far, the development of these devices has 

achieved great progress in many technical aspects after decades of efforts, especially, 

the energy conversion efficiency has been improved, however, further investigation and 

development of newly designed devices still deserves to be performed.  

1.2 Solar cells  

Solar cells are important energy conversion devices the study of solar cell was date 

back to 1954 when Chapin et al.11 at the Bell Telephone Laboratories demonstrated the 

first practical p–n junction type solar cell which can convert solar radiation into electric 

energy with 6% efficiency. There are three main types of solar cells:  

1.2.1 Silicon Solar Cell 

Photovoltaic cells made from semiconductor-grade silicon quickly became the 

power source of choice for use on satellites as the advent of the space program, and 

power conversion efficiencies of these common solar devices were between 15 and 

20%.12 Today, the best single crystal Si solar cells have reached an efficiency of 26%, 

which is comparable with the theoretical maximum value of 30%.13 However, the 

relatively high cost of manufacturing these silicon cells has prevented the widespread 

use. Another disadvantage is that the use of toxic chemicals in their manufacture might 

damage the surrounding environment. These aspects prompted the search for 

environmentally friendly and low-cost alternatives of single crystal Si solar cells. 

1.2.2 Thin film solar cells 

Thin film solar cells attracted much attention because they are cheaper and more 

easily available. The first thin film Cu2S/CdS cell was based on rather simple and cheap 

technology known as the ‘Clevite process’, by which several mm-thick CdS film was 
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deposited on to a metal or metallized plastic substrate, then an acid etch of the CdS film 

followed by immersion in hot cuprous chlorides solution for few seconds to convert the 

CdS surface to Cu2S. The efficiencies of these applied solar cells reached as high as 

10%.14 Then, GaAs, CdTe, Cu2S,Cu2O, InP, Zn3P2 and their derived alloys and 

compounds were all studied for photovoltaic applications, among them GaAs and InP 

are ideal for photovoltaic applications, but they are remarkably expensive for large-

scale commercial applications.  

1.2.3 Dye-Sensitised Solar Cells 

In 1991, Grätzel and co-workers reported the first dye-sensitised solar cells 

(DSSCs), which attracted attention immediately because of high-efficiency (~12%)15 

on small areas, potential low cost, environmentally friendliness and simple-fabrication 

procedure. DSSCs became one of the most promising photovoltaics as an alternative to 

the conventional silicon semiconductor solar cells. A DSSC is mainly composed of dye-

sensitized semiconductor electsrode (working electrode), redox active electrolyte, and 

counter electrode (CE). 

A typical DSSC is assembled in a sandwich type device with dye anchored 

nanocrystalline TiO2 films as photoanode, platinised conductive glass as CE, and I3
-/I- 

in organic solvent as electrolyte solution. The operating mechanism of the DSSCs is 

shown in Figure.1.1 with different pathways of electron movement. Upon illumination 

of DSSCs, the dye molecule become photo-excited and ultrafast injection of electron 

into the conduction band of the semiconductor electrode, then the original state of the 

dye is subsequently restored by electron donation from the electrolyte. Usually the 

solution of an organic solvent or ionic liquid solvent containing the I3
-/I- redox system. 
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Figure 1.1 General architecture and operating principle of dye-sensitised solar 

cells.15 

The regeneration of the sensitiser by iodide intercepts the recapture of the conduction 

band electron by the oxidised dye. The iodide is also regenerated by reduction of 

triiodide at the CE and hereby the circuit being completed through the external load. 

The open circuit voltage (Voc) generated under illumination corresponds to the 

difference between the Fermi level of the electron in the semiconductor electrode and 

the redox potential of the electrolyte. Overall, electric power is generated without 

permanent chemical transformation. Along with these processes, electrons in the 

conduction band of semiconductor may be recombined with the oxidised dye sensitisers 

or electron acceptor species in the electrolyte solution.  

1.2.3.1 Working Electrode 

Working electrode plays the role of exciton generated at the dye which is separated 

into free carriers at the dye–photoelectrode interface. There are two driving forces for 

this charge separation: the charge separation is energetically favorable because the 

energy level of the conduction band of the metal oxide is lower than the LUMO of the 

dye; the charge separation is also entropically favorable as there is larger density of 

electronic energy states in the conduction band of a crystal than molecular orbital of a 
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dye. There are different kinds of metal oxides that have been explored so far, for 

example, TiO2 Eelectrodes, ZnO electrodes, Nb2O5 electrodes, and ternary 

photoelectrode materials. Among them, TiO2 electrodes are mostly commonly used 

photoanode for DSSCs.16-20 

TiO2 is relatively cheap, abundant, nontoxic, biocompatible semiconducting 

material that is widely used in healthcare products as well as in paint and other industrial 

applications. Naturally, TiO2 exists in three crystalline polymorphs, namely rutile (Eg 

3.05 eV), anatase (Eg 3.23 eV), and brookite (Eg 3.26 eV).21 In addition, TiO2 also exist 

in many other high pressure and metastable forms, e.g., the intermediate orthorhombic, 

orthorhombic columbite, cotunnite types, monoclinic baddeleyite type and cubic 

fluorite type.22-25 Out of all polymorphs rutile and anatase have tetragonal structure and 

rutile is the most common and stable polymorph. On the other hand, brookite is 

extremely difficult to synthesize in laboratory while both anatase and rutile can be 

readily prepared. 

Anatase TiO2 is known as an n-type semiconductor, which contains donor-type 

defects such as oxygen vacancies and titanium interstitials. The Fermi level of anatase 

is 0.1 eV higher than that of the rutile; therefore, anatase is more preferred for its 

applications in DSSCs.26 However, recent studies showed that rutile phase can scatter light 

more effectively resulting pronounced light harvesting property and chemically stable.27-28 

No significant change in Voc has been reported for anatase and rutile despite the difference 

in their conduction band edges. But the short circuit current density (Jsc) of the DSSCs 

using rutile phase was about 30% less than those with anatase type photoanodes due to 

reduced dye loading of rutile particles with lower surface area.27 

1.2.3.2 Electrolytes  

The electrolyte functions as charge carriers in DSSCs, which collects electrons at the 

cathode and transfers the electrons back to the photoexcited dye molecule. Regarding 

to the cell efficiency, the most popularly used electrolyte is the iodide/triiodide (I‒/I3
‒) 

redox couple in an organic matrix, generally acetonitrile along with some other 
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additives. In the meanwhile, there are some undesirable intrinsic properties which are 

inherent of a liquid electrolyte significantly affecting a device’s long-term durability 

and operational stability. For example, not only the leakage of toxic organic solvent will 

cause environmental contamination, but also the evaporation of volatile iodine ions will 

lead to an increase in overall internal resistance (reduced concentration of the charge 

carrier). In order to overcome these disadvantages, research has been conducted to 

develop non-traditional electrolytes e.g. quasi-solid state and solid-state electrolytes.29 

Liquid Electrolyte  

Iodide/triiodide (I‒/I3
‒) is the most commonly used liquid electrolyte with 

outstanding kinetics. The electron injection in to the TiO2 conduction band occurs in 

the femto second time range which is much faster than the electron recombination with 

I3
-, and the oxidised dye preferably reacts with I‒ than combining with the injected 

electrons. In the electrolyte, the I3
‒ diffuses to cathode to harvest electrons and in turn 

produces I‒ which diffuses in the opposite direction towards the TiO2 electrode to 

regenerate dye molecules. The diffusion coefficient of I3‒ ions in the porous TiO2 

structure is about 7.6×10-6 cm2 s-1.30 According to the theory, the maximum voltage 

generated in DSSCs is determined by the difference between the quasi-Fermi level of 

the TiO2 and the redox potential of the electrolyte, about 0.7 V under solar illumination 

conditions. To obtain a higher open circuit voltage and circumvent the corrosion of I‒

/I3
‒ redox couple, a variety of alternative redox couples have been introduced to DSSCs 

such as Br‒/Br3
‒, SCN‒/(SCN)2, SeCN‒/(SeCN)3‒, Fe(CN)6

3‒/4‒ and Co(II)/Co(III) 

complex.31-32 

Solid-State Electrolyte  

To overcome the difficulties of liquid electrolyte, a solid-state electrolyte could be 

an alternative to liquid electrolyte, because it could achieve better mechanical stability 

and simplified fabrication process. It is essentially promising to use inorganic p-type 

semiconductors or organic hole transporting materials (HTM) to eliminate the 

evaporation and leakage problem of liquid electrolyte. Being a compatible hole-
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transport material, it must have a band gap structure reasonable to the highest occupied 

molecular orbital (HOMO) level of dye sensitizer and conduction band (CB) of TiO2 to 

drive charge transfer process easier. So far, the most popular and effective hole-

conducing is a p-type organic semiconductor namely, spiro-OMeTAD, which is used 

in DSSCs and also in perovskite sensitized solar cells as highly efficient hole-

conducting materials.29 

Quasi-Solid Electrolyte  

From the above discussion, it is clearer that the photo conversion efficiency (PCE) 

is still lower for solid-state electrolyte based solar cells which is mainly related to the 

poor contact at TiO2/electrolyte interface along with the lower conductivity of the 

material.33 To eliminate such issues, an alternative solution is proposed and attempted 

where both liquid and solid electrolyte can be combined to form a quasi-solid 

electrolyte or gel electrolyte.34 

1.2.3.3 Counter Electrode 

An electrocatalyst participates in electrochemical reactions, which generally 

functions at electrode surfaces or as the electrode surface itself. Like all other types of 

catalyst materials, electrocatalysts can modify and increase the rate of chemical 

reactions without being consumed in the process. For the ideal eletrocatalysts, they are 

supposed to possess electrocatalytic activities with high efficiency, environmental 

compatibility, and low cost.35-36 As the chemical compositions of the catalysts play a 

determining role in their energy conversion performance, moreover, surface area, 

structure and morphology of catalysts also affect the elecrocatalytical abilities, so 

catalysts with high surface area and well-defined structure are practically needed in 

order to reach high efficiency of energy conversion for practical application.37-40 Due 

to its wide use in DSSCs, electrocatalysts for iodide/triiodide (I‒/I3
‒) redox couple will 

be focused in this thesis. Also, the electrocatalytic performance of the counter electrode 

is discussed and evaluated for iodide/triiodide (I‒/I3
‒) redox coup if not otherwise 

specified. 
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1.3 Electrocatalysts  

Recently, the development of material science and nanotechnology has been 

persistently focused on the design and fabrication of function nanostructured 

semiconductors. Electrocatalysts used in DSSCs to catalyze the redox reaction of the 

Iodide/triiodide (I‒/I3
‒) redox couple can be generally divided into three main 

categories: metal catalysts, carbon material catalysts and transition metal compound 

catalysts.  

1.3.1 Metal Catalysts 

DSSCs generally employ platinum (Pt) nanoparticles as their counter electrode 

materials, which are readily produced by depositing small numbers of prepared Pt 

nanoparticles by citrate reduction on a substrate. The as deposited Pt materials are 

highly resistant to corrosive electrolyte environments containing I- and I3- ions. 

Generally, DSSCs with Pt serving as catalysts on CE showed better performances 

compared with their Pt-free counterparts.35, 41-42 

Recently, Yella et al.43 used Pt nanoparticles as CE for DSSCs and incorporated a 

Co(II/III) tris (bipyridyl)–based redox electrolyte, leading to a measured power 

conversion efficiency of 12.3% under simulated air mass 1.5 global sunlight, which 

created highest record for DSSCs. In addition, Pt alloys were also studied as CE of 

DSSCs. Pt/NiP electrodes were fabricated by optimising thermal decomposition 

temperature and Pt loading which showed a high electrocatalytic activity comparable 

to that of Pt/FTO electrode.44 

Although pure Pt is a good candidate for electrocatalytic reaction, the current 

loadings of noble metal do need to be highly reduced or replaced in the light of the 

economical and realistic factors that the rarity and availability of Pt limit it in large-

scale applications. The great efforts have been made to substitute Pt-based catalysts.35, 

45-46 
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1.3.2 Carbon Materials Catalysts  

Carbon materials have been extensively studied using in DSSCs. Recent advances 

in the carbon materials are studied as catalysts and catalyst supports because of low 

price, environmental friendliness, high conductivity, high electrical and thermal 

stability.47-48 There are many forms of carbon materials such as carbon black (CB)49, 

graphite50, graphene51, carbon nanotube (CNT). Their properties vary depending on 

how the carbon atoms are arranged. 

1.3.2.1 Carbon Black 

Takurou N. Murakami employed carbon black as the catalyst for triiodide reduction 

on fluorine-doped tin oxide glass substrates (FTO) used as counter electrodes in 

platinum-free dye-sensitized solar cells and the highest cell efficiency reached as high 

as 9.1% under 100 mW cm−2 light intensity52. Huang et al53 investigated carbon black 

as counter electrodes of DSSC, the overall conversion efficiency of the cell reached 

5.7%, which is comparable to 6.5% of platinum-sputtered fluorine-doped tin oxide used 

as counter electrodes under the same experimental conditions. Recently, porous carbon 

black layer fabricated by Jung-Min Kim is employed in the DSSCs with energy 

conversion efficiency of 7.2%, which is similar to the Pt counter electrode with the 

efficiency of 7.6%.49 The performance clarifies the possibility of using carbon as a Pt-

free catalyst for triiodide reduction in DSSCs. 

1.3.2.2 Carbon Nanotubes (CNTs) 

Suzuki et al. applied single-wall carbon nanotubes (SWCNTs) for the CE, which 

were deposited on both FTO-glass and a Teflon membrane filter achieving conversion 

efficiencies of 3.5% and 4.5%, respectively.54 They found that SWCNTs are good 

triiodide reduction catalysts. Surprisingly, the surface resistivity of SWCNTs on the 

Teflon membrane was as low as 1.8ohm sq-1, which is four times lower than that of 

FTO-glass (ca. 8-15ohm sq-1). Also, a nitrogen-doped carbon nanotube-based bilayer 

thin film has been used in DSSCs. The counter electrode which is consisted of N-doped 
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CNTs and pristine CNTs results in efficiencies up to 2.18 %.55  

Recently, Zheng etc. prepared podlike nitrogen-doped carbon nanotubes 

encapsulating FeNi alloy nanoparticles (Pod(N)-FeNi) by the direct pyrolysis of 

organometallic precursors.56 DSSCs with Pod(N)-FeNi as the CE presented a power 

conversion efficiency of 8.82 %. Also, nitrogen-doped carbon nanotubes prepared by 

direct pyrolysis showed an dramatically increased performances than the previous 

reported N-doped CNTs.55, with a efficiency of 7.48% observed.57  

1.3.2.3 Graphene and graphite 

Graphene, atomically thick planar sheet of sp2 carbon, has recently attracted widespread 

interests due to its extraordinary conductivity, large surface area, excellent mechanically 

flexibility and tuneable physiochemical functionality. The electrocatalytic activity of 

graphene related materials is sensitive to the preparation techniques and normally it will 

enhanced after the introduction of defects, dopants or functional groups. Boron-doped 

graphene, which was synthesized by annealing a mixture of graphite oxide and B2O3, has 

shown a very high conversion efficiency of 6.73% as a CE for DSSCs.58 Also, the common 

CVD technique is employed by Lin et al. to prepare boron doped graphene.59 It showed 

a much better efficiency than pristine graphene electrodes as CE in quantum dot (CdTe) 

sensitized solar cells because of the higher electrical conductivity and high work 

function.59  

Ganapathy Veerappan’s group reported that DSSCs with sub-micrometer-sized 

graphite as a catalyst on FTO substrate showed an energy conversion efficiency greater 

than 6.0% under 1 sun illumination (100 mW cm−2), which is comparable to the 

conversion efficiency of Pt (6.8%) under the same conditions.50 Besides, N-Doped 

graphene/PEDOT composite films were fabricated and used as CE in DSSCs with a 7.1% 

power conversion efficiency observed which even higher than their Pt counterparts.60 

Moreover, layer-by-layer self-assembled graphene multilayers were used as Pt-Free counter 

electrodes in DSSCs, which exhibited 7% energy conversion efficiency.61 Most recently, 

nitrogen and sulfur co-doped graphene networks were also synthesized via a simple 
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hydrothermal route. DSSCs based on the nitrogen and sulfur co-doped graphene 

exhibited an efficiency of 9.40%, which is higher than the efficiency of the Pt-based 

device due to synergistic effect of sulfur and nitrogen atoms in graphene.62  

1.3.3 Transition Metal Compounds  

Several classes of inorganic compounds were introduced into DSSCs as CE catalysts 

to replace the expensive Pt. Among these materials, early-transition-metal carbides 

(TMCs, Cr3C2, N-doped VC, WC, N-doped TiC, Mo2C, and N-doped NbC), nitrides 

(TMNs, TiN, CrN, VN, TiN, MoN, and NbN), oxides (TMOs, Cr2O3, V2O3, TiO2, 

WO2,MoO2, Nb2O5, and ZrO2) and chalcogenides (TMChs, NiS, FeS, CoS, Cu2S, NiSe, 

FeSe, CoSe and Cu2ZnSnS4) have been studied and demonstrated highly intrinsic 

electrocatalytic activity for the reduction of triiodide. These advanced catalysts not only 

demonstrate outstanding electrocatalytic activities but also other merits including the 

high melting temperatures of the ionic crystals, electrical and thermal conductivities 

and durability of the covalent solid. 

Table 1.1 Summarized type, preparation techniques and performance of 

transitional metal compound electrocatalysts. 

Classes Types of materials Synthetic techniques Conversion efficiencies 

TMCs TiC63 Commercial 7.15% 

WC64 Hydrothermal method 7.01% 

WC65/WC-MCarbon Gel 5.35%/8.18% 

MoC65/MoC-MCarbon Gel 5.70%/8.34% 

Cr3C2
66 Hydrothermal method 5.79% 

VC(N)/VC66 Hydrothermal method 6.38%/4.92% 

ZrC66 Hydrothermal method 3.85% 
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NbC(N) 66 Hydrothermal method 2.46% 

TMNs 

 

Mo2N
67 Hydrothermal/CVD 6.04%/6.38% 

W2N
67 CVD 5.81% 

TiN66, 68 Anodization/ Hydrothermal 7.45%/6.23% 

NbN66 Hydrothermal 3.68% 

FeN69 Hydrothermal 2.65% 

MoN69 Hydrothermal 5.57% 

WN69 Hydrothermal 3.67% 

VN63,66 CVD/Hydrothermal 6.97%/5.92% 

CrN66 Hydrothermal 5.79% 

ZrN66 Hydrothermal 1.20% 

TMOs NbO2
67 Sol-Gel  7.88% 

Nb2O5
66 (H,O,M)67 Hydrothermal/Sol-Gel  4.84%/4.55-5.82% 

WO2/WO3
70 Hydrothermal 7.25%/4.67% 

V2O5/Al71 CVD 2% 

V2O3
66 Hydrothermal 5.4% 

Cr2O3
66 Hydrothermal 1.07% 

TaO72 Sol-Gel 6.48% 

ZrO2
66 Hydrothermal 2.60% 

RuO2 
73 hydrothermal process 7.22% 
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TMChs NiS74 Electrodeposition(PR) 6.82% 

CoS75 Electrochemical deposition 6.5% 

Cu2ZnSnS4
76 Hydrothermal 7.04% 

1.3.3.1 Transition-metal carbides (TMCs) 

Given the scarcity and high cost of Pt, considerable amount of efforts have been 

devoted to the development of noble-metal-free electrocatalysts for CEs in DSSCs. In 

1973, Levy et al.77 first noted that tungsten carbide (WC) demonstrated Pt-like catalytic 

behavior because of its unique electronic structure. After that, WC has been shown to 

be an effective catalyst for a number of reactions that are readily catalyzed by platinum, 

and it has been approved that this is due to changes in the electron distribution when 

carbon is added to tungsten.78-79 Since then, this catalytic behavior has been found in 

many early transition metal carbides and metal nitride. Besides WC, other transition 

metal carbides, such as molybdenum, vanadium, chromium, titanium, niobium and 

tantalum carbide and nitride, have also been used as catalysts and applied in fuel cells 

and hydrogenation of aromatic hydrocarbon molecules.80-81  

The first systematic study of noble-metal-free CEs was carried out by Ma et al82 who 

started to work on improving catalytic performances and decreasing the cost of DSSCs 

by using substitutes on CE. Before that, a soft chemical urea pathway had been 

developed by Giordano et al83 who have firstly fabricate a range of diverse metal 

nitrides and metal carbides (like TiN, VN, NbN, GaN, Mo2N, W2N, CrN, NbC(N), 

TiC(N), WC, Mo2C, and Cr3C2) at a relatively low temperature using urea or close 

derivatives as both nitrogen or carbon source and the growth controlling system. 

Specifically, in every case, homogeneous gel-like starting products have been formed 

that were converted by calcination into the corresponding metal nitrides or metal 

carbides.83  

Ma’s group employed hydrothermal technique produced a range of metal carbides 



26 

 

for DSSCs with Pt-like electrocatalytic performance. They prepared Mo2C and WC 

nanoparticles and their corresponding composites embedded in ordered 

nanomesoporous carbon materials (Mo2C-OMC, WC-OMC) using this simple method. 

The energy conversion efficiencies of the DSSCs equipped with pure Mo2C and WC 

CEs devices were 5.70% and 5.35 %, respectively, which were lower than those devices 

with a Pt CE (7.89%), while those DSSCs devices equipped with MoC-OMC and WC-

OMC showed a slightly higher energy conversion efficiency with 8.34% and 8.18%, 

respectively.65 Also, these authors produced Cr3C2, N-doped VC [VC (N)], N-doped 

TiC [TiC-(N)], and N-doped NbC [NbC (N)]) using this soft urea pathway to replace 

the expensive Pt catalyst as CEs in DSSCs. Among these catalysts, except NbC(N) with 

only 2.46% energy conversion efficiency, they all showed excellent electrocatalytic 

activity for the reduction of I3
− to I− in the electrolyte, specifically, TiC-(N) had highest 

energy conversion efficiency at 6.52%, followed by VC (N) with 6.38%, while energy 

conversion efficiency with Cr3C2 CE reached 5.79%. 66
 

Other synthetic techniques were also adopted in the preparation of TMCs. For 

example,  mesoporous tungsten carbides were fabricated by Jang et al.64 who 

employed polymer-derived and microwave-assisted methods, for the first time, pure 

WC without any metallic promoter have been evaluated as Pt-free counter electrodes 

of DSSCs which showed an excellent activity with 7.01% energy conversion and 

photovoltaic performances up to 85% of that of the conventional Pt counter electrode. 

The application of commercial TiC in CE was also evaluated after the purchased TiC 

had milled for 4 hours using a ball mill and the energy conversion efficiency of the 

DSSCs was 6.29% using FTO substrate, which was higher than using other substrates 

like Ti foil substrate with energy conversion efficiency of 5.13%.63  

1.3.3.2 Transition-metal Nitrides (TMNs) 

The Pt-like electrocatalytic activity was also found in TMNs which can be readily 

prepared with the aforementioned soft urea hydrothermal method. With this approach, 

TiN, NbN, ZrN and CrN have been successfully prepared by Wu et al66
 and tested as 
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CE catalysts in the solar cells. The obtained TiN nanoparticles showed PCEs of 6.23%, 

which were lower than the highly ordered TiN nanotubes.68 This can be attributed to 

the highly ordered structures which accelerate electron transfer and thus improve the 

electrocatalytic activities. For the other three metal nitrides (NbN, ZrN and CrN), 

decent performances were achieved with 3.68%, 1.20%, and 5.79% respectively. VN 

was also fabricated using the same technique and deposited on three kinds of low-cost 

substrates, which showed PCEs of 5.09% coated on bare glass and a little lower than 

that of FTO substrate (6.29%).  

The sputtering method was also employed by these authors to produce molybdenum 

nitride (Mo2N) and tungsten nitride (W2N) films67 on flexible Ti sheets as CEs in 

DSSCs. The DSSCs based on Mo2N and W2N CEs achieved power conversion 

efficiencies of 6.38% and 5.81%, respectively. Other synthetic techniques, for instance, 

anodization was employed by Gao’s group68 who produced highly ordered TiO2 

nanotube arrays by the anodization of metallic Ti foil substrate, followed by simple 

nitridation in an ammonia atmosphere. The as-prepared materials on Ti foil were 

investigated as counter electrodes of DSSCs for the first time which showed excellent 

performances with the energy conversion of 7.73%, comparable with a typical fluorine-

doped transparent conductive oxide (FTO)/Pt counter electrode. Later on, they also 

prepared TiN-CNTs composites by thermal hydrolysis of TiOSO4 on CNTs and 

subsequent nitridation in an ammonia atmosphere.84 DSSCs equipped with these as-

synthesized TiN-CNTs as CEs displayed enhanced higher energy conversion (5.41%), 

compared with their counterparts with only TiN (2.12%) or CNTs (3.13%) under the 

same conditions. 

Similarly, Li et al.69 prepared MoN, WN, and Fe2N nanoparticles by nitridation the 

metal oxide precursors in an ammonia atmosphere. These materials showed Pt-like 

electrocatalytic activity for DSSCs, among them, MoN had superior electrocatalytic 

activity and a higher photovoltaic performance with energy conversion of 5.57%, which 

was much higher than the other two candidates with 3.67% for WN and 2.65% for Fe2N, 

respectively. 
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1.3.3.3 Transition-metal Oxides (TMOs) 

For the class of TMOs, a simple chemical thermal method was employed by Wu et 

al.70 who synthesized WO2 nanorods and evaluated their electrocatalytic performance 

as CEs in DSSCs. The DSSCs showed excellent energy conversion of 7.25% which is 

close to that of a DSSC using Pt CE (7.57%), and much higher than that of the 

synthesized WO3 (4.67%).  

A sol-gel method was widely used in the preparation of TMOs. Lin et al.67 

synthesised niobium oxides (Nb2O5 and NbO2) via this pathway. Three types of Nb2O5 

was obtained by annealing the as-prepared gel at 500, 800 and 1000°C for 3h in nitrogen 

gas, respectively, while NbO2 was obtained by annealing at higher temperature (1100 

°C) under the same atmosphere. The DSSCs using a NbO2 CE exhibited a high power 

conversion efficiency of 7.88%, matching the performance of the conventional Pt 

electrode (7.65%), whereas Nb2O5 showed a decent lower catalytic activity towards 

triiodide reduction reaction with an energy conversion of 5.65% (500°C), 4.55% 

(800°C) and 5.82% (1000°C), respectively. Niobium oxides as promising catalysts were 

also studied by Wu et al.66 which showed a 4.84% conversion efficiency. Moreover, the 

authors also fabricated TMOs like Cr2O3, V2O3, ZrO2 by the same technique and applied 

them in CEs, which showed energy conversions of 1.07%, 5.4% and 2.6%, respectively. 

Most recently, a tantalum oxide was prepared by Yun et al.72 using this sol-gel method 

and employed as non-Pt CE which demonstrated impressive Pt-like electrocatalytic 

activity for I3
− reduction in a DSSCs with a high PCE value of 6.48%, up to 90.5% of 

the Pt-DSSCs (7.16%). Yu etc. reported that ruthenium dioxide (RuO2) exhibited 

superior electrocatalytic activities toward triiodide reduction at a rate comparable to 

that of Pt.73 

In addition, CVD was also employed for the preparation of novel function material 

V2O5 with Al by Xia et al.71 and applied as counter electrode in solid dye-sensitized 

solar cell with over 2% conversion efficiency, which is comparable with noble Ag 

counter electrode. 
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1.3.3.4 Transition-metal chacolgenide (TMChs) 

Early transition metal sulphides were also studied for DSSCs as Pt-free CEs. 

Electrochemical deposition was employed by Wang et al.75, for the first time, who 

prepared CoS nanoparticles on flexible ITO/PEN films as Pt-free CEs. Their results 

demonstrated that CoS was very effective in catalyzing the reduction of triiodide to 

iodide in DSSCs yielding 6.5% efficiency, superseding the performance of Pt as an 

electrocatalyst and could be considered as an extremely promising candidate. Using a 

similar technique, Sun et al. 74 electrodeposited nickel sulfides on transparent 

conductive glass by a facile periodic potential reversal (PR) technique which was used 

as Pt-free CEs of DSSCs. The nickel sulphide deposited by PR technique showed higher 

catalytic activity for triiodide reduction in DSSCs (energy conversion efficiency of 

6.82%) comparable to the device with conventional Pt coated CEs (7.00%), much 

higher than those with CEs prepared by common potentiostatic (PS) technique (3.22% 

efficiency). In addition, combined solution-base techniques were employed by Xin et 

al.76 who synthesized low cost copper zinc tin sulphide nanocrystals by a simple spin-

coating process followed by selenization. Power conversion efficiency of the DSSCs 

equipped with the as-prepared CZTSSe CE has achieved 7.37%, more than twice that 

of CZTS (3.62%) prepared by the single step. 

Moreover, metal selenides (Co0.85Se and Ni0.85Se) have been grown directly on 

conductive glass substrates by one-step hydrothermal approach, the DSSCs with 

Co0.85Se could achieve higher power conversion efficiency (9.40%) than that with Pt.85  

1.4 Liquid-phase Hydrothermal Method 

From the aforementioned summary of developed electrocatalyst, it is evident that 

the fabrication of the CEs are decisive to the final electrocatalytic properties. In terms 

of bottom-up strategies, there are many kinds of approaches employed for the 

fabrication of electrocatalysts, they can be roughly classified into “hard” approaches 

and “soft” approaches. The former ones include chemical vapour deposition (CVD) 
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method, traditional thermal evaporation routes, and oxidation, which are used to 

fabricate diverse functional semiconductors with novel nanostructures, but the drastic 

conditions are normally involved in the reaction, such as high temperature, and high 

pressure, to construct electrocatalytic active sites via atomic rearrangement. For 

example, the high temperature annealing approach was wildly employed for the 

fabrication of inorganic ceramic solids. Specifically, solid starting materials containing 

the desired chemical elements are intimately grounded in stoichiometric quantities, and 

then heated at extreme temperature (usually in excess of 1000 °C) for a period, 

normally, between hours and days. Extreme temperatures are necessary to enhance inter 

diffusion of the solid reagents, and thus allow chemical reaction to take place. Since 

high temperatures and long heating times are used to bring about reactivity, only the 

most thermodynamically-stable phases can be prepared by this method.86 

        

Figure 1.2 Schematic of a typical stainless autoclave used in the laboratory to 

perform solution-based synthesis  

In comparison with “hard” approaches, “soft” ones associated to the material growth 

induced by thermodynamic dissolution/precipitation equilibrium in solution, can be 

trigger under mild conditions with much lower temperature, which provide a simple, 

convenient, environmentally friendly pathway for the fabrication of catalysts. Thus the 

“soft” approaches have been extensively studied and developed into a promising field 

in materials chemistry over the last two decades.87 Generally, solution-based soft 

techniques refer to the preparation of products by chemical reactions of substances in a 

sealed vessel as showed in Figure1 (i.e. an autoclave) with heated solution above 
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ambient temperature and pressure, normally, at a temperature higher than the boiling 

temperature of the solvent.88 Solvent, through its physico-chemical properties, plays a 

key role in solution-based processes. It can act as the following roles in the reaction: (i) 

to control the orientation of the structural formation with a specific geometric 

preference for nanocrystallites, for example, crystalline ZnO nanowires and oriented 

nanorods were prepared under aqueous condition without any templates and surfactants 

where solvent oriented the growth of arrayed ZnO;89 (ii) to manipulate the formation of 

specific metastable compounds through template action, for example, ethylediamine 

has a strong coordination ability towards the divalent metal ions as Fe2+, Co2+ and 

Ni2+,which also acts as template for the growth of the resultant structure (iii) to alter the 

oxidation–reduction properties of the solvent. For instance, in an solution-based 

reaction, the solvents like water or ethanol usually provide oxidizing chemical 

environment that facilitates the growth of oxidized products.90 Furthermore, as solvent 

is an important parameter, the solution-based techniques are divided into hydrothermal, 

solvothermal and mixed-solvothermal methods according to the different types of 

solvent used in the reaction. 

Among the “soft” approaches, hydrothermal reaction system where only water is 

used as a solvent is most studied as its good solution’s ability, wide availability and 

environmental friendliness. Since the pioneering work from the 1960s, hydrothermal 

technique has achieved a huge success for the fabrication of various types of 

semiconductors such as metal carbides, metal nitrides, metal chacolgenides, metal 

oxides and carbon materials with well-defined shape and crystallinity.91 Basically, the 

mechanism of hydrothermal reactions follows a liquid-phase nucleation model which 

is different from that of solid-state reactions, where the action mechanism involves 

mainly diffusion of atoms or ions at the interface between reactants.92 Specifically, a 

liquid-phase nucleation normally involves two stages. The first one is the formation of 

supersaturated solutions since the spontaneous appearance of a new phase occurs only 

when a system is in a non-equilibrium condition. And then, in the next stage, molecules 

dissolved in solution begin to aggregate, which eventually leads to the formation of 
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nuclei that can act as centers of crystallization. The subsequent growth, which 

immediately follows the nucleation, is governed by the diffusion of particles, to the 

surface of the existing nuclei and their incorporation into the crystal lattice.93 For 

example, Liu et al who observed the excellent crystallinity of the ZnO nanorods 

individually grown from the spontaneous nucleation, and then formed the final 

assemblies.90 

In the practical reaction system, a range of physical and chemical properties 

(pressure and temperature) of aqueous solutions can be adjusted in hydrothermal 

synthesis. Temperature and time duration which are the most important factors in the 

reaction system can be easily controlled, also it should be noted that the pressure of the 

reaction system which is another vital factor in reaction, highly depends on the filling 

ratio of solution and the reaction temperature. For instance, various shapes of ZnO were 

fabricated at different temperatures under the same other conditions, which clarifies the 

essential role of impact factors in a practical reaction.94 

In contrast to conventional synthetic techniques, hydrothermal synthesis offers a 

number of advantages. Firstly, using hydrothermal synthesis in a closed system can 

obtain the compounds with elements in oxidation states that are difficult to attain, 

especially important for the preparation of transition metal compounds95. Moreover, it 

provides a pathway for the phase transformation at low temperature. Rod-like TiO2 

particles and crystallinity of particles were changed from anatase to rutile under 

hydrothermal treatment at a very low temperature (160 °C) with size and crystallinity 

remained unchanged.96 In comparison, the “hard” approaches, chemical transport 

reactions of the aimed materials like in a CVD reaction system, reactants normally 

through the solid-state reaction under high temperature, while much lower temperature 

is required for the same materials in solution.97 
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1.5 Vapour-phase Hydrothermal Method                        

                      

Figure 1.3 Diagram of the VPH experimental set-up 

Although there are many advantages of solution-based routes in terms of preparing 

functional materials with well-defined morphology, structure, and composition, they 

still have limitations, such as a long reaction time, limited crystal structures under the 

same crystallisation pathway, solution-sensitive crystallization route (structure change 

when scale-up), and a residual chemical waste problem as a portion of the organic 

material is wasted which adheres on to surface of the products and exists in the liquid-

phase solution.98-99 In this regards, vapour-phase hydrothermal (VPH) has potential in 

solving these problems of solution-based reaction, it has been studied and employed as 

an effective pathway in material fabrication, where the reactants are not directly 

dissolved in the solvents forming into solution, instead, they are normally deposited on 

the substrate above the solvents in an autoclave, and the reaction is triggered by the 

vaporized solvent steam under certain temperature and pressure (Figure 1.3). 

VPH method was first reported by Xu et al, who reported the synthesis of zeolite 

sieve of molecular porosity-5 (ZSM-5) with decreased consumption of organic reagents 

and higher productivity compared with the traditional solution-based routes.98 

Moreover, the mixed solvents could be circulated and reused several times in VPH 

process, leading to an improved utilization of chemicals. Furthermore, VPH approaches 
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can be used to grow new crystalline materials which it is difficult to be achieved in the 

liquid-phase hydrothermal method.100 Last but not least, the crystal phase 

transformation could also occur with prolonged crystallization, which cannot be 

realized in solution-based methods.101 

The application of VPH method has recently been studied in the fabrication of metal 

oxides, and a variety of inorganic functional materials with well controlled 

morphologies and structures have been fabricated. Specifically, Zhang et al.102 

synthesized enhanced photocatalytically active ZnO/TiO2 layers by immobilizing TiO2 

nanoparticles in a size of 6 nm on the single-crystalline tetrapod-like ZnO under water 

steam treatment where uniform TiO2 layers with tunable thickness were formed.103 

Moreover, an interesting 3D honeycomb structured PS/TTIP hybrid film was 

transformed into a photoactive TiO2 film without dismantling the originally templated 

3D structure employing VPH approach, which cannot be fabricated by hydrothermal 

method as the film cannot be formed in the solution.103 

Not only the formation of various nanostructures, but also the formation mechanisms 

have been studied under such unique reaction environment. For example, employing 

VPH approaches, Matsukata et al.100 firstly reported a growth of zeolite beta that has 

not been observed in liquid-phase hydrothermal fabrication. Recently, Liu et al. using 

such a facile VPH method which created unique environment NH3-saturated water 

vapour prepared titanate nanotubes direct growth on a titanium foil substrate with larger 

diameters, and for the first time proved a distinctive nanosheet roll-up mechanism for 

its formation.104 They also demonstrated that VPH could realize the growth of novel 

crystalline phases (orthorhombic HTiOF3) which has not been reported before.105 The 

VPH reaction environment differs remarkably from that of liquid-phase hydrothermal 

processes, which can be readily used to effectively control the growth of the 

nanostructure. Interestingly, well-defined ZnO nanotube and nanorod array films were 

grown on the top and bottom surfaces of the same zinc foil substrate in an reaction, 

respectively, which means the gravity may also affect the structure and morphology of 

the resultant products.106 
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Under VPH conditions, all reactions and mass transfer occurs within a highly 

localized thin liquid layer formed on the substrate surface in the reactors, and the 

dissolved products could rapidly supersaturate in the reaction zone to facilitate the 

formation of nanostructures, which could dramatically alter the kinetics of 

dissolution/crystallization, and thereby the crystal growth.104 However, the full 

capability of the VPH has not been completely exploited, for example, the strong 

interaction within the solid/liquid/gas reaction zone could be utilized as a new avenue 

to control the crystal growth. Since the development of new synthetic procedures has 

the great potential to allow the discovery of novel functional materials,107 it is promising 

to further explore novel approach and its capabilities for the growth of new and novel 

materials with controllable structural, crystal and electrocatalytic properties for specific 

application. 

In this work, we extend the VPH methods to the fabrication of sulphur doped metal 

oxides. The introduction of sulphur elements into the materials has converted the metal 

oxides into high-performance non-precious-metal electrocatalysts. This thesis contains 

five chapters: a general introduction (Chapter 1), three experimental data chapters 

(Chapters 2-4) and general conclusion (Chapter 5). Following the introduction in 

Chapter 1, the VPH doping processes were studied in detail using Co3O4 nanowires as 

candidates in Chapter 2. The resultant S doped Co3O4 nanowires films were intensively 

investigated using as counter electrodes in DSSCs. In Chapter 3, sulphur and spinel-

type cobalt oxide (Co3O4) are respectively used as the anion dopant and bulk metal 

oxide to demonstrate the effectiveness of the proposed VPH doping approach. The 

obtained electrocatalyst exhibits superior electrocatalytic activity for triiodide reduction. 

In Chapter 4, we further extend the VPH method to a wider spectrum of crystalline 

metal oxides, such as NiO and Fe2O3 and investigate their electrocatalytical activities 

as CEs in DSSCs. The research findings are summarized and concluded in Chapter 5 

and a future research has also been proposed. 

This thesis has been prepared in accordance with the Griffith University policy on 

preparing a MPhil thesis as a series of published and unpublished papers (see the policy 
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in the section of “All papers included are co-authored”). As a result, there are some 

differences on the formats and inevitable repetitions among the results chapters, 

including the descriptions of the studies and the reference lists. 
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2.1 Introduction  

Over last decades, there have been increasing interests in the exploitation and 

utilization of renewable energy among the society due to the concerns about the 

unprecedented carbon dioxide emissions and fossil fuel deficiency. Dye-

sensitized solar cells (DSSCs), since their advent, have emerged as one of the 

most promising alternatives to the traditional p-n junction solar cells, and 

attracted widely spread interests due to their simple construction, environmental 

friendly and cost-effective features. Notable progresses including developed 

redox couples, organic dye sensitizers, nanostructured TiO2 photoanode, new 

electrocatalysts for counter electrode have been achieved to signify the state-of-

the-art over 13% power conversion efficiency (PCE). However, the best-

performing DSSCs to date are still equipped with high-cost platinum (Pt) 

electrocatalysts, which impedes economically viable large-scale DSSCs 

production. Thus, researches have focused on the development of low-cost, 

highly efficient electrocatalysts to replace dominant Pt as the benchmark 

materials for high-performance DSSCs. 

In classical DSSCs where iodide/tri-iodide (I-/I3
-) redox couple solution is 

used as the electrolyte, the role of electrocatalysts is to reduce I3
- to I- while 

collecting the electrons from external circuit. A competent electrocatalyst is 

expected to possess i) high catalytic activity towards the reduction of I3
- to 

suppress the potential I3
- reduction by accepting electrons from excited dye 

molecules; ii) electrical conductivity to allow efficient electron collection from 

the counter electrode substrate; iii) long-term stability for elongated function of 

DSSCs. 

The current research strategies to elevate the overall electrochemical 

performance of Pt-low and Pt-free electrocatalyst include: i) development of 

wide-ranged electrocatalytic materials, such as carbon materials, polymers, metal 

compounds (oxides, sulphides,1-2 nitrides, carbides and phosphide). Very recently, 



51 

 

the transition metal sulphides (CoMoS4 and NiMoS4) have been reported to 

possess very high electrocatalytic activity towards I3
-
 reduction;3 ii) creation of 

active sites via nanoscaled engineering, for instance, the synthesis of α-Fe2O3 

crystals with exposed active (012) and (104) surfaces4 or active edge cites 

established on MoS2 electrode by patterning;5 iii) optimal substrate support, such 

as mesoporous fluorine-doped tin oxide (FTO)6 and tin-doped indium oxide (ITO) 

nanoarray supports;7 iv) utilization of the composite materials for synergetic 

performance enhancement and improved stabilities.8-12 Notably, this strategy has 

been generally and widely adopted to boost the electrocatalytic performance 

although deepen understandings on the origin of the synergetic effects is still 

lacking. v) chemical doping.13-19 The incorporation of dopants to materials plays 

different roles to contribute to the overall electrocatalytic performance. For 

carbon based materials, such as carbon black, nanotubes, and graphene, the 

doping of heteroatoms via post-doping will produce local strains and structural 

deformations. The incurred electron charges in the delocalized carbon framework 

will improve the electro-transfer ability and also electrocatalytic activity without 

altering the bulk properties.20 For conducting polymer, on the other hand, the 

introduction of dopant atoms into the polymer structure will induce remarkable 

enhanced conductivity that facilitate electron transport in the polymer main 

chain.14, 21 Compared to carbon and polymer materials, however, cation22-23 or 

anion17 doped inorganic metal compounds as the counter electrode 

electrocatalysts for DSSCs have not been much explored. Notably, Li and co-

workers reported that PCE of DSSCs using sulphur-doped nickel oxide as 

counter electrode electrocatalyst was 5.04%, showing much improvement 

compared to the pristine nickel oxide film (0.31%).17 However, the relationship 

between the dopant levels and the electrocatalytic activity remains unclear. We 

believe that the answer to the question will be a good guidance to further 

enhancement of the electrocatalytic performance. 
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In terms of doping approaches, a wide range of techniques have been adopted: 

solid state reaction, sol-gel method, RF magnetron sputtering, ball milling, 

electrochemical synthesis, solution-based method and so forth.24 However, 

despite of the generality of doping process, majority of the preparation 

procedures involve the use of either high energy (temperature, voltage) or 

prolonged process time, which usually impair the crystal, structural quality of the 

matrix materials. Also, incorporation of dopants into the matrix materials is not 

very effective, normally with the atomic ratio of less than 5% (even on the 

surface). Additionally, the homogeneity of chemical states of the dopant in some 

of the products is not satisfactory (yielding dopant with mixed chemical states). 

To develop a low-energy-consuming, effective, generic doping technique for 

function material preparation is still a challenge. 

Spinel-type cobalt oxide (Co3O4) has been an important p-type 

semiconducting material for heterogeneous catalysis, lithium ion battery, 

electrochemical pseudocapacitors and gas sensing applications.25-26 In this study, 

it was selected as the potential electrocatalytic materials due to its good catalytic 

activity, charge capacity and chemical stability. It has been reported that the 

incorporation of anion dopants (such as nitrogen27-28 and fluorine29) in to Co3O4 

crystals will dramatically enhance the catalytic (Hg oxidation), electrocatalytic 

(oxygen reduction reaction) and photocatalytic (hydrogen generation) 

performance of the material. However, there have been few previous researches 

on the S-doped Co3O4 counter electrode electrocatalyst for tri-iodide reduction 

in DSSCs. In this work, we report the two-step preparation of S-Co3O4 crystals 

on conductive FTO substrate as the counter electrode for DSSCs via a facile, 

low-temperature vapour-phase hydrothermal (VPH) doping technique. The 

finding in our research is important to the fabrication of alternative, efficient, Pt-

free counter electrode electrocatalysts for DSSCs. 
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2.2 Experimental Section  

Chemicals 

Cobalt (II) nitrate hexahydrate (98%), Al2S3, and 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 received from Acros. Ethanol (ACS reagent, 99.5%) was purchased from 

Aldrich Chemical Co. The commercial TiO2 electrodes, Pt electrodes and electrolyte 

were purchased from DyeSol. All chemicals mentioned above were used without 

further purification. Deionized water (DIW) was used throughout the work.  

Fabrication of various S-Co3O4 counter electrodes 

Thin films of Co3O4 nanowire arrays were grown on FTO glass substrates, 

separately, using chemical bath deposition (CBD) followed by a pyrolysis treatment. In 

a typical CBD process, a FTO substrate was suspended with the conductive side facing 

downwards in a container with an aqueous solution containing 6.25wt% of urea and 

0.15M (4.4 g) of cobalt nitrate with the volume of 50ml, at different temperatures and 

durations, respectively.30 The obtained pink films on the FTO were the precursor cobalt 

hydroxide carbonate, which were converted to the film of Co3O4 by pyrolyzing them at 

400°C for 2 h in air. Thereafter, the resultant Co3O4 films on FTO substrates were 

placed onto a PTFE holder and doped by vapour-phase hydrothermal (VPH) method 

with hydrogen sulphur gas that is generated by the reaction of Al2S3 (0.26g) and water 

(60μl) without direct contact (Figure 2.1). Reactions with various reacting temperatures 

70°C, 90°C, 120°C, and 150°C, and durations (3h, 6h, 9h and 12h under 90°C) were 

also performed, respectively. After reaction, the electrodes are rinsed in CS2 to remove 

the elemental sulfurs prior to DSSCs assembly or characterizations. 

Fabrication of the DSSCs 

TiO2 electrodes (on FTO substrates) were purchased commercially, and then 

sintered at 450°C for 30 mins in air. The sintered TiO2 electrode was coupled with one 
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of the various CEs (CEs with Co3O4 nanowires, S-doped Co3O4 nanowires, and Pt) 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 space between the two 

electrodes by a vacuum pump, and the hole was sealed with hot-melt glue after the 

electrolyte injection. 

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 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. 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 C 1s was used as the charge 

reference with a binding energy of 284.8 eV. The morphological properties of samples 

were investigated by a JSM-7001 scanning electron microscope (SEM). The 

microstructures were examined by field emission TEM Tecnai 20 (F20) with an 

accelerating voltage of 200kV. Samples were scrapped from FTO substrates, and then 

they were dispersed in ethanol under ultrasonic. The samples in this suspended liquid 

were transferred onto TEM copper grids by a drop of the solution.  

Cyclic voltammetric (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 a 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 
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identical electrodes; the film area was confined to be 0.25 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) coupled with a broadband probe (Newport, 

70268).  

2.3 Results and Discussion  

 

Figure 2.1 Schematic illustration of the VPH doping process. 

Sulphur doped cobalt oxide (denoted as “SCO”) thin films were fabricated by VPH 

treatment of the obtained Co3O4 (denoted as “CO”) nanowire arrays grown on the FTO 

glasses by a two-step process, as shown in Figure 2.1. In the first step, the pink films 

with the precursor cobalt hydroxide carbonate were formed on the surface of FTO 

glasses by chemical bath. The thickness of films was controlled by the bath time, the 

film obtained at 90 oC for different numbers of hours were selected for further study 

(see below). This followed by annealing the precursor at 400 oC for 2 h in air to convert 

precursor cobalt hydroxide carbonate into Co3O4. In the second step, S-Co3O4 thin films 

were achieved by a novel VPH sulphur doping treatment of the as-prepared Co3O4 film. 

The doping process is implemented at various temperatures for short period of time in 

a closed VPH reactor where H2S gas was produced by slowly hydrolysis of Al2S3 at the 

presence of trace amount of water vapour generated after initial heating. 

Co3O4 

Co3O4 

Al2S3 S-doped Co3O4 
H2O 
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Figure 2.2 Crystal structure of the Co3O4 samples and S-doped Co3O4-6h (denoted 

as “SCO-6”) samples. (a) XRD data, and (b) room-temperature Raman spectra. 

The crystal and structural characteristics of CO and S-doped Co3O4 obtained 

under VPH treatment for 6h (SCO-6, best performing sample) were analyzed by 

X-ray diffraction (XRD) analysis and Raman spectra. The XRD data of film 

samples before and after VPH doping treatment (Figure 2.2) show similar diffraction 

patterns. The peaks at 2 = 31.5°, 37.0°, 45.0°, 55.9° and 59.5° are in good consistent 

with the (220), (311), (400), (422) and (511) planes of spinel Co3O4 crystal structure 

(cubic, a = 8.056 Å, space group Fd-3m, JCPDS: PDF-74-1656, ICSD: 27497) while 

the other peaks are related to the FTO substrate. Minor shifts of the peaks can also 

be detected (see Figure 2.3), suggesting an increase of lattice strain due to S 

doping into the oxide lattice.31 Room-temperature Raman spectra of these two 

samples demonstrate 5 peaks which can be ascribed to three F2g modes (at about 193 

cm-1, 519 cm-1 and 616 cm-1), one Eg mode (at about 480 cm-1) and one A1g mode (at 

about 688 cm-1) of spinel Co3O4 crystals (Figure 2.2b).32 Compared to the peak position 

in the reference, the data collected in this study show a slightly red shift due to the 

agglomerated state of nanosized Co3O4 particles (see morphology below).33 Notably, 

the most dominant peak (A1g) of the S-doped Co3O4 sample (686.0 cm-1) has shift to 

lower frequencies compared to the pristine Co3O4 sample (689.8 cm-1). The A1g mode 

is referred to the symmetric stretching of the Co-O bonds. This observation of shifting 

may allude to the decrease in the bond strength upon the sulphur doping process. 
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Figure 2.3 a) SEM image, b) TEM image, c) electron diffraction and d) HRTEM 

image of Co3O4 samples. 

 

Figure 2.4 a) top-view SEM image, b) cross-section SEM image, c) TEM image, 

d) electron diffraction and e) HRTEM image of the SCO-6 sample. 

The as-synthesized CO and SCO-6 samples were characterized by both scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM 

images of samples before (Figure 2.3) and after (Figure 2.4) have confirmed that the 

Co3O4 films (~3m thick, Figure 2.4b) are composed of uniform wire-like array 

structure, which has been kept intact after VPH doping process. The nanowires, with 

width of 20 – 50 nm, grow from the substrate and join with neighbor at the top forming 

bundle like tips. The TEM image reveals that the nanowires are consisted of multiple 

closely-packed Co3O4 nanocrystals with the size of about 5–15 nm. The polycrystalline 

characteristics of the nanowires have been further confirmed in the electron diffraction 

 

(a) (b) (c) 

200 nm 50 nm 

(d) 

4.7Å 
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(SAED) pattern (Figures 2.3c and 2.4d). High resolution TEM (HRTEM) image shows 

lattice spacing of 4.7 Å, in good consistence with the (111) plane of spinel Co3O4 crystal 

structure. The formation of such particle-packed, tip-joined nanowire structure might 

be a result of the directed growth at the presence of NH4
+ in the chemical bath 

preparation reaction (from the hydrolysis of urea). It will provide a good electrical 

pathway for charge carriers within the nanowire network which is important for 

practical electrocatalytic application. We also investigated the nanowire structure 

growth process in chemical bath reaction (results not shown here) and found that 

insufficient growth tends to yield immature nanowire structure while prolonged 

reaction will result to thicker film that tend to crack. 

   

    

Figure 2.5 XPS spectra a) survey spectra, b) Co 2p, c) O 1s spectra of CO and 

SCO-6 samples, d) S 2p of SCO-6 sample.  

X-ray photoelectron spectroscopy (XPS) was performed to analyse the 

surface compositions of the samples (Figure 2.5). The elemental distributions on 

a

) 

b

) 

c

) 

d

) 
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the surface are Co 19.50%, O 49.59%, C 30.91% for CO sample and Co 16.39%, 

O 43.34%, C 22.51% and S 17.75% for SCO-6 sample respectively. Notably the 

relatively high surface sulphur element after VPH doping treatment has been 

achieved compared to the general low content concentration (<10%). In high-

resolution spectra, the Co 2p3/2 peaks of both CO and SCO-6 samples can be 

fitted to be three peaks and shake-up satellite peaks that is associated with Co (II) 

in high spin state. Contrastingly, the two major peaks (centred at 779.7 and 780.9 eV, 

representing the predominant Co (III)-O and Co (II)-O bonds in the octahedral and 

tetrahedral oxygen environments, respectively) are shifted to higher binding energy 

direction (779.8 and 781.2eV), indicating the change of chemical environment due to 

the incorporation of S atoms. In the O 1s spectrum of CO sample (Figure 2.5c), the 

peak centered at 531.9 and the other peaks can be assigned to be the lattice 

oxygen (Olat) and absorbed non-stoichiometric oxygen respectively. It is note that 

a dramatic decrease in the Olat peak is observed after doping treatment indicating 

the surface oxygen is substituted by sulphur atoms. Also, new peaks centered at 

about 534.2 eV appear, which can be attributed to the -O-S-O-, similar to SOx
n-. 

Furthermore, the S 2p3/2 peaks of SCO sample centered at 162.7 eV (22.97%), 

163.7 eV (21.41%), 166.6 eV (3.44%) and 169.3 (18.87%) are ascribed to be 

sulfide (S2-), polysulfide (Sn
2-), sulfite (SO3

2-) and sulfate species (SO4
2-) on the 

surface. (Figure 2.5d).  

It was reported that the N-doped Co3O4 nanoparticles demonstrated good 

electrocatalytic activity towards oxygen reduction reaction.34 In this study, the resultant 

S-doped Co3O4 film has been used as the counter electrode (CE) catalytic towards tri-

iodide reduction in DSSCs. The photocurrent density–voltage (J–V) characteristics of 

DSSCs composed of Co3O4 nanowires, S-doped Co3O4 nanowires and Pt counter 

electrodes are presented in Figure 2.6 the detailed photovoltaic parameters of the 

DSSCs are all listed in Table 2.1. The CE deposited with a Co3O4 nanowires film 

displays a poor photovoltaic performance with a low fill factor (FF) and poor cell 

efficiency (0.21%). However, after the VPH treatment, the photovoltaic performance 
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of DSSCs with a S-doped Co3O4 nanowires CE was improved significantly in all 

parameters, with a short-circuit current density (Jsc) of 15.03 mA/cm2, an open-circuit 

voltage (Voc) of 0.68V, an FF of 0.66 and a power conversion efficiency (PCE, η) of 

6.78% observed. Apparently, the dramatically enhanced cell performance of Co3O4 

nanowires can be attributed to the presence of S dopants in the latter sample, which 

improve electrocatalytic activities towards I−/I3
− redox reaction and charge transfer 

activity occurring at the interface of the electrode and the electrolyte.35-36 When a 

commercial Pt film was used as a CE, the photovoltaic parameters were obtained, the 

corresponding Voc, Jsc, FF and PCE are 0.71 V, 18.02 mA/cm2, 0.61, and 7.28%, 

respectively. A DSSC based on a commercial Pt film exhibited a slightly higher Voc and 

PCE than that based on S-doped Co3O4 nanowires. It is also noted that the DSSCs using 

S-doped Co3O4 nanowires shows higher FF values than that of the DSSC with Pt-CE. 

This can be attributed to its lower electrochemical impedance compared to that of Pt. 

The higher cell efficiency of the DSSC with a Pt-CE can be mainly due to its higher Jsc. 

Cyclic voltammetry measurements were carried out to investigate the 

electrocatalytic activity of CEs with the films of Co3O4 nanowires and S-doped Co3O4 

nanowires towards the reduction of triiodide, using a Pt/FTO CE as a reference. It can 

be seen in Figure 2.6b that CV curves of both S-doped Co3O4 nanowires and Pt show 

two pairs of oxidation and reduction peaks in the potential range from -0.4 to 1.2 V, 

while that of the Co3O4 nanowires shows a quite different behavior. The redox pair at 

more negative potentials is represented by Red-1 and Ox-1, which is attributed to the 

reaction of I3
-+ 2e→3I- and directly affects the DSSC performance, whereas Red-2 and 

Ox-2 correspond to the other redox pair at more positive potentials contributed by the 

reaction 2I3
-→3I2+2e-.31, 37 Peak-to-peak separation (Epp) is another important 

parameter for comparing the electrocatalytic abilities of different electrodes, which is 

negatively correlated with the standard electrochemical rate. The redox peaks at the 

negative potentials imply that CV curves of the CEs with S-Co3O4 nanowires and Pt 

have electrocatalytic activity for the reduction of triiodide, while there is no redox peaks 

observed from CV curve of Co3O4 nanowires at the negative potentials, indicating its 
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poor electrocatalytic activitiy toward I-/I3
- reduction. Notably, the introduction S 

dopants in Co3O4 significantly enhances the electrocatalytic activity for the reduction 

of I3, especially on the increase of the reduction and oxidation current densities, which 

make the electrode with a Co3O4 film has higher peak current densities that that of Pt. 

Although a S-Co3O4 nanowires electrode shows higher anodic and cathodic peak 

current densities than pt-CE, which also implies a faster I−/I3
− reaction rate in the S-

doped Co3O4 nanowires electrode, the latter one has less Epp value, which may 

contribute to the better photovoltaic performance of Pt- electrode.38  
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Figure 2.6 (a) J-V curve, (b) cyclic voltammograms, (c) Tafel polarization curves 

and (d) electrochemical impedance spectroscopy obtained the CO, SCO-6 and 

commercial Pt electrodes. 

Tafel polarization curves are used to further verify the electrocatalytic abilities of 

CEs for DSSCs as shown in is shown in Figure 2.6d. The horizontal section of the curve 

can be attributed to the diffusion zone and the curve with a sharp slope can be attributed 

to the Tafel zone in Tafel polarization curves. The limiting diffusion current density 

c
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(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, which is the 

middle dash line, can be considered as the exchange current density (Jo). The film with 

S-Co3O4 nanowires shows higher Jo and Jlim than that of Pt, while the CE of Co3O4 

nanowires possesses poor catalytic property. Also, the tendency of the Jo agrees with 

that of the peak current density observed in Figure 2.6b. The better performance of S-

Co3O4 nanowires may be attributed to the much higher surface areas of the film with 

nanowires arrays.  

Table 2.1 Photovoltaic parameters of the DSSCs with the CO, SCO-6 and 

commercial Pt electrodes. 

Sample Jsc 

(mA/cm2) 

Voc (V) FF η (%) Rs 

(Ω/cm2) 

Rct  

(Ω/cm2) 

CO 3.43 0.57 0.11 0.21 - - 

SCO-6 15.03 0.68 0.66 6.78 12.61 0.564 

Pt 18.02 0.71 0.61 7.28 12.31 1.18 

To gain insight into the electrocatalytic the electrochemical catalyst of different 

electrodes with the films of Co3O4 nanowires, S-Co3O4 nanowires, and Pt in the 

reduction of I3
-, electrochemical impedance analyses (EIS) spectra of these CEs were 

measured using a sealed symmetric cell, consisting of two identical CEs properties of 

the deposited films on FTO glass substrates. Nyquist plots were illustrated in Figs 6d, 

in which the semicircle corresponds to the charge-transfer process occurring at the 

interface of the electrode and the electrolyte, which directly relates to the 

electrocatalytic activity of the CE for the reduction of triiodide ions, and the diameter 

of the semicircle represents the resistance of the electrochemical reaction. Specifically, 

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 electrolyte, and span of a single semi-circle along the real axis from high to low 

frequency (Rct) represents the charge-transfer resistance at the electrode–electrolyte 

interface for the I3
- reduction.39-40 Also, the observed arch in the low frequency region 

indicates the diffusion resistance of the redox couple in the electrolyte. The data of Rs 

and Rct are summarized in above Table 2.1. In an electrochemical reaction, a smaller 
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diameter of the semicircle indicates a lower resistance of electrochemical reaction with 

a faster electron transfer rate. As it is shown that Co3O4 is a semiconductor with high 

impedance, which means it has a lower charge carrier mobility and relatively poor 

conductivity compared with Pt, therefore, the electron transport from the thin film to a 

FTO substrate is limited and thus DSSCs based on a Co3O4 film show a poor 

photovoltaic performance. However, the resistance of S-Co3O4 is decreased 

dramatically with S dopants, and it is even lower than Pt, which highly improves the 

electron transport and thus electrocatalytic activity. These impedance measurements are 

consistent with the obtained CV results and Tafel curves. 

 

Figure 2.7 SEM images of S-Co3O4 thin films prepared under VPH treatment with 

various temperatures (a) 70˚C, (b) 90˚C, (c) 120˚C, and (d) 150˚C for 6h. 

The influence of VPH temperature on the electrocatalytic properties of resultant S-

Co3O4 thin films has been investigated. Figure 2.7 shows SEM images of S-Co3O4 thin 

films obtained under VPH treatment for 6h, with a reaction temperature varying from 

70˚C to 150 ̊ C. At 150 ̊ C, the corruption of the nanowire arrays was observed probably  
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Figure 2.8 (a) J-V curve, (b) cyclic voltammograms, (c) Tafel polarization curves 

and (d) electrochemical impedance spectroscopy obtained with the S-Co3O4 

samples prepared by VPH approach at various temperatures. 

Table 2.2 Photovoltaic parameters of the DSSCs with the S-Co3O4 electrodes 

prepared by VPH approach at various temperatures. 

due to the quick reaction between H2S and Co3O4 thin films. When higher temperature 

was used, i.e., 180˚C, the S-Co3O4 thin films began to peel off from the FTO substrate. 

Although, there was no significant morphology change observed between 70˚C to 

120˚C, the reaction temperature have significant effects on the photovoltaic 

performance of S-Co3O4 thin film counter electrodes for DSSCs (Figure 2.8). Figure 

2.8a and Table 2.2 show the S-Co3O4 nanowire film prepared at 90˚C exhibits the best 

photovoltaic performance, with a highest FF and best cell efficiency. Also, CV of S-

Co3O4 nanowires samples show two pairs of oxidation and reduction peaks in the 

Sample Jsc (mA/cm2) Voc (V) FF η (%) Rs 

(Ω/cm2) 

Rct 

(Ω/cm2) 

70˚C 13.08 0.67 0.68 6.03 14.20 1.064 

90˚C 15.03 0.68 0.66 6.78 12.61 0.564 

120˚C 10.01 0.68 0.50 3.44 15.72 8.037 

150˚C 2.67  0.45 0.29 0.35 19.29 23.92 

c
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potential range from -0.4 to 1.2 V in I-/I3
- solution, while the current intensity of the 

sample obtained at 90 ˚C surpasses those obtained at other temperature (Figure 2.8b). 

Consistently, Tafel polarization curves (Figure 2.8c) and the EIS data (Figure 2.8d) of 

S-Co3O4 sample prepared at 90˚C demonstrate a much higher Jo and smaller charge 

transfer resistance compared to other S-Co3O4 samples. The possible explanation for 

this observation could be the VPH doping process require thermal energy to facilitate 

and the dopant could not effectively be introduced into the Co3O4 lattice at low 

temperature. On the contrary, the vapor pressure may be increased at higher temperature 

which would potentially deteriorate the structural stability of the S-Co3O4 nanowire 

leading to a poor connectivity between adjacent particles. This argument is partly 

supported by the relatively low FF in J-V data and higher charge transfer resistance in 

EIS data (Figure 2.8). 

 

Figure 2.9 SEM images of S-Co3O4 thin films prepared at 90 ˚C for (a) 3h, (b) 6h, 

(c) 9h and (d) 12h, respectively.  

Our results also illustrate a strong dependence of the photovoltaic performance on 

the duration of the VPH treatment. Figure 2.9 shows the SEM images of the SCO 

samples after VPH treatment at 90°C with different durations, e.g., 3h, 6h, 9h and 12h. 

Again, it is evident that the no structural change is noticeable even with 12 h VPH  
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Figure 2.10 (a) J-V curve, (b) cyclic voltammograms, (c) Tafel polarization curves 

and (d) electrochemical impedance spectroscopy obtained with the S-Co3O4 

samples prepared by VPH approach with different durations. 

Table 2.3 Photovoltaic parameters of the DSSCs with the S-Co3O4 samples 

prepared by VPH approach with different durations. 

Sample Jsc (mA/cm2) Voc (V) FF η (%) Rs 

(Ω/cm2) 

Rct 

(Ω/cm2) 

SCO-3 12.74 0.69 0.65 5.67 12.25 1.393 

SCO-6 15.03 0.68 0.66 6.78 12.61 0.564 

SCO-9 9.21 0.70 0.73 4.74 14.49 1.438 

SCO-12 5.91 0.70 0.69 2.84 15.05 1.948 

treatment at 90°C. Nevertheless, the DSSCs with these SCO electrodes perform 

distinctively differently as the J-V curves shown in Figure 2.10a, Table 2.3. SCO-6 

outperforms the other counterparts with much higher Jsc while other photovoltaic 

parameters, i.e., Voc, FF are relatively comparable. This is consistent with the CV, Tafel 

plots and EIS data showing similar current densities, exchange current density and 

d) 

 

c

) 

a) b) 
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charge transfer resistance. Although the extra reason for this observed trend is still 

unclear, it implies that an intermediate or equilibrium may exist during the interfacial 

VPH reaction between Co3O4 and H2S gas. Excessive reaction may change the 

structural properties of Co-S species that deactivate the surface. Another possibility 

could be associated with the fact that elemental sulphur could be generated and 

deposited within the porous space within the nanowire during VPH treatment. 

Elongated VPH reaction could lead to sulphur blockage within the nanopores in the 

nanowire films that could not be easily removed in the post-treatment CS2 washing 

procedure.  

2.4 Conclusion  

In summary, we have successfully synthesized sulphur doped Co3O4 nanowires thin 

films by VPH method. The reacting temperature and duration play important roles in 

determining the sulphur doping process. The fabricated Co3O4 nanowires thin films and 

S-Co3O4 nanowires thin films were tested as counter electrodes in a DSSC device. The 

DSCCs based on Co3O4 nanowires thin films showed poor photovoltaic performance, 

while their S-Co3O4 counterparts demonstrate significantly improved electrocatalytic 

activities towards triiodide reduction reaction in DSSCs, and lead to an energy 

conversion efficiency of 6.78%, which is comparable to those of DSSCs made of 

commercial Pt CEs (7.36%). This significant increase in the photovoltaic performance 

can be attributed to sulphur species introduced during VPH treatment. More importantly, 

the demonstrated highly effective VPH doping approach could be used to convert low 

cost, earth abundant metal oxides into high performance electrocatalyst that could 

potentially replace Pt for large-scale applications of DSSCs in the future. 
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3.1 Introduction  

A facile in-situ vapour-phase hydrothermal (VPH) surface doping approach 

has been developed for fabrication of high-performance S-doped Co3O4 

electrocatalyst with an unprecedentedly high surface S content (>47%). The 

demonstrated VPH doping approach could be useful for enrichment of surface 

active sites for other metal oxide electrocatalysts. 

Electrocatalyst plays a critical role in energy conversion technologies such as 

solar and fuel cells. To date, high-performance electrocatalysts used for these 

applications are mainly fabricated by noble metals that are precious and scarce, 

hindering their widespread use. Extensive efforts have therefore been made to 

develop non-precious-metal-based electrocatalysts using carbon-based hybrid 

electrocatalysts, transition metal alloys, oxides, chalcogenides, nitrides, 

phosphides, carbides and metal/organic composites.1 

For developing non-precious-metal-based high-performance electrocatalysts, 

a central task is the pursuit of effective and efficient means to introduce rich 

catalytic active sites into the materials. Various active site creation/enrichment 

strategies have been reported such as morphological control, surface engineering 

and anchoring onto porous supports.2 Among them, introducing exterior 

elements into existing material structures (doping) has been proven to be an 

effective approach.3 Furthermore, available evidences suggest that the richness 

of active sites in the resultant electrocatalyst closely depends on the dopant 

content.4 However, introducing a high dopant content via the majority of the 

reported bulk doping approaches is highly challenging because high dopant 

contents are destructive to the original crystal structures.5 This is particularly true 

for anions doped electrocatalysts where the maximum dopant contents are 

generally less than 10%.3a, 6  
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It is well known that the activity of an electrocatalyst is determined by its 

surface active sites rather than those bulk ones.7 Therefore, developing new 

doping approaches to realise selective surface high-content doping and non-

destructive to the bulk material structures is highly desirable.  

In this work, we venture to extend the VPH methods8 for selective doping high 

content of exterior anion elements on the surface of metal oxides. Sulphur and 

spinel-type cobalt oxide (Co3O4) are respectively used as the anion dopant and 

bulk metal oxide to demonstrate the effectiveness of the proposed doping 

approach. An unprecedented 47% doped S content on the surface of Co3O4 

nanosheets can be achieved, leading to a dramatically enhanced electrocatalytic 

performance. Although versatile applications of Co3O4 in catalysis have been 

reported,9 the anion-doped Co3O4 catalysts have rarely been investigated.6b, 10  

 

Figure 3.1 (a) XRD patterns, (b) Raman spectra of CNS and S-CNS samples; (c) 

Cross-sectional SEM, (d) TEM and (f) HRTEM image of S-CNS sample.  
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3.2 Results and Discussion  

The Co3O4 nanosheets coated FTO (denoted as “CNS”) was firstly prepared 

via electrodeposition followed by sintering. Figure 3.S1 schematically illustrates 

the in-situ VPH doping approach. Briefly, the synthesised CNS as the doping 

substrate is suspended in a VPH reactor containing Al2S3 and a small quantity of 

water as the doping reactants. The VPH doping is carried out at a low temperature 

of 90°C for 6 h to obtain the S-doped Co3O4 nanosheets (denoted as “S-CNS”). 

An initial heating will generate water vapour, triggering a slow hydrolysis 

reaction of Al2S3 to produce H2S gas that acts as the S doping source.  

X-ray diffraction (XRD) data of the samples before and after VPH doping 

treatment show similar diffraction patterns (Figure 3.1a) that can be assigned to 

spinel Co3O4 crystal structure (cubic, a = 8.056 Å, space group Fd-3m, JCPDS: 

PDF-74-1656, ICSD: 27497). However, the S-CNS sample shows diffraction 

peaks being slightly shifted (∆2θ = 0.15°) towards lower angle due to the 

increased lattice constants resulting from S doping.11 These results confirm that 

there is no significant change in the bulk crystal structures of S-CNS sample. The 

room-temperature Raman spectra of both samples reveal 5 distinctive peaks 

ascribable to spinel Co3O4 crystals (Figure 3.1b).12 Notably, compared to CNS, 

all peaks observed from S-CNS appear at lower frequencies, indicating an 

increases surface structural disorder and decreased bond strength of S-doped 

Co3O4.  

Scanning electron microscopic (SEM) observations of the samples before 

(Figure 3.S2) and after (Figure 3.1c) S doping confirm that CNS and S-CNS 

samples are composed of a 200nm layer of uniformly coated nanosheets (~6 nm 

in thickness) and the VPH doping process has no noticeable effect on the 

nanosheet structure. The transmission electron microscope (TEM) image reveals 

that the nanosheets are formed by multiple closely-packed single crystals (Figure 

3.1d). The high resolution TEM (HRTEM) image shows that these nanosheets 
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are mainly bounded with Co3O4 {111} facets (Figure 3.1e), further confirming 

the well-maintained bulk Co3O4 crystals after VPH doping. 

 

Figure 3.2 XPS data: (a) survey spectra, (b) Co 2p and (c) O 1s spectra of CNS 

and S-CNS samples; (d) S 2p spectrum of S-CNS sample. 

Figure 3.2a shows the X-ray photoelectron spectroscopy (XPS) data of CNS 

and S-CNS samples. The measured surface contents of S-CNS by XPS are Co 

15.25%, O 11.55%, S47.22%, C 24.81% and Sn 1.17% (from FTO). The 

confirmed 47% surface doped S content without affecting the bulk Co3O4 crystal 

structure is unprecedented as the S contents of S-doped metal oxides published 

to date are less than 10% due to the destruction of high contents of doped S to 

the original metal oxide crystal structures.13 The effectiveness and superiority of 

the VPH doping approach can be attributed to the unique H2S-rich vapour 

reaction environment that enables a selective surface doping at mild conditions 

(90°C).  

The high-resolution Co 2p3/2 spectra (Figure 3.2b) can be fitted to three main 
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state). The split spin-orbit of 2p (∆E) are 15 eV for both samples, consistent with 

the reported values for Co3O4 crystals. The Co 2p3/2 peak (centred at 779.9 eV) 

is shifted to 779.3 eV, close to that of Co3S4 (779.0 eV).14 For the O 1s spectra 

(Figure 3.2c), the peak centred at 529.6 observed from CNS can be assigned to 

the lattice oxygen (Olat, Co-O) and the rest of the peaks are attributed to absorbed 

non-stoichiometric oxygen. Notably, the Olat peak of S-CNS vanishes while 

others shift towards higher binding energies. Importantly, the surface O 

replacement by S can be confirmed from the observed main S 2p3/2 peak centred 

at 162.4eV (assigned to Co-S) and the minor peak centred at 163.5eV (related to 

Sn
2- species) from S-CNS (Figure 2.2d).  

Figure 3.3 (a) CVs of CNS, S-CNS and Pt electrodes in I-/I3
- electrolyte. (b) J-V 

curves of DSSCs with CNS, S-CNS and Pt counter electrodes  

The electrocatalytic activity of S-CNS electrode was evaluated for the most 
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- electrolyte system in dye-sensitised solar cells (DSSCs). The 

cyclic voltammogram (CV) of CNS electrode in I-/I3
- solution shows ill-defined I-/I3

- 

redox responses, indicating a poor reversibility and electrocatalytic activity (Figure 

3.3a). In strong contrast, the CV of S-CNS electrode obtained under the same conditions 

reveals two pairs of well-defined redox peaks, representing the distinctive characteristic 
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corresponding to I-/I3
- redox processes, further confirming the superiority of S-CNS. 

The excellent electrochemical stability of S-CNS electrode is demonstrated by the 

almost identical CV responses obtained from 100 consecutive cycles (Figure 3.S3). 

The electrocatalytic activity of S-CNS as a counter electrode in DSSCs was 

also evaluated (Figure 3.3b). The key performance parameters are summarised 

in Table 3.S1. The DSSC assembled with the S-CNS counter electrode shows a 

conversion efficiency of 7.79%, almost identical to that of the DSSC assembled 

with a benchmark Pt counter electrode (7.81%), and much higher than those 

assembled using S-doped nickel oxide (5.04%)17 and Co3S4 (6.59%)15 counter 

electrodes.  

 

Figure 3.4 Schematic illustration of the atomic arrangements of the clean and I 

adsorbed S-doped Co3O4 (111) surface. Atoms in blue, red, yellow and purple 

colours represent Co, O, S and I, respectively. 

The results shown in Figure 3.3 suggest that only S-doped (rather than the 

pristine) {111} faceted Co3O4 is electrocatalytically active. The possible origin 

of electrocatalytic activity for S-doped {111} faceted Co3O4 towards I3
- reduction 

is therefore investigated using Density functional theory (DFT). Previous studies 

have shown that a high-performance electrocatalyst for I3
- reduction reaction 

should possess optimal I adsorption energies (∆Ead) between -0.33 and -1.20 eV.2a 

The XPS results (Figure 3.2) suggest that the surface S doping is achieved by 

S-doped Co3O4 

(111) surface 

I adsorbed S-doped  

Co3O4 (111) surface 

ΔEad 

- 0.57 eV 
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forming Co-S bonds via surface O substitution. The optimised structure of the S-

doped Co3O4 (111) surface is shown in Figure 3.4. The calculated ∆Ead of I on 

such optimised surface is -0.57 eV, close to ∆Ead values obtained from Pt (-0.52 

eV) and CoS (-0.59 eV) surfaces.2a This indicates that the surface Co-S bonds 

resulted from VPH doping should be the main form of surface active sites.  

3.3 Conclusion  

In summary, the effectiveness of VPH approach has been validated for in-situ 

selective doping of exceptionally high S contents onto the surface of Co3O4 

crystal without destruction to the bulk structures. The obtained electrocatalyst 

exhibits superior electrocatalytic activity for I3
- reduction, almost identical to that 

of the benchmark commercial Pt catalyst. The VPH surface doping approach 

demonstrated here is simple, effective and directly applicable to a wide spectrum 

of crystalline metal oxides.  
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3.5 Supporting Information  

Experimental section 

Chemicals and materials 

Cobalt (II) nitrate hexahydrate (98%, Sigma-Aldrich), Aluminium sulphide (99%, 

Sigma-Aldrich), Lithium perchlorate (98%, Sigma-Aldrich), Anhydrous Lithium 

iodide (99%, Merck), Iodine (99.99%, Sigma-Aldrich), 4-tert-Butylpyridine (TBP, 

96%, Acros) and tert-butanol (TBA, 99.5%, Acros), acetonitrile (99%, Sigma-Aldrich) 

and ethanol (99.5%, Sigma-Aldrich) were purchased and used without further 

purification. The mesoporous TiO2 electrodes, Pt electrodes and EL-HPE (I3-/I-) 

electrolyte were purchased from Dyesol. Deionized water was used throughout the 

work.  

Fabrication of CNS and S-CNS electrodes 

The electrodeposition of Co(OH)2 precursor film was performed at room 

temperature in a three-electrode electrochemical cell, using an FTO substrate as 

working electrode, a Ag/AgCl electrode as reference electrode and a Pt mesh as counter 

electrode in an electrolyte containing 0.01 M Co(NO3)2 and 0.02 M NaNO3 at a constant 

current of 1.0 mA cm-2 for 30s with a CHI 760D Electrochemical Workstation (CH 

Instruments, Inc.). The obtained Co(OH)2 films were converted to Co3O4 counterparts 

via sintering at 400°C for 30 min in air. The Co3O4 nanosheets were readily transformed 

into S-doped Co3O4 nanosheets via an additional H2S vapour-phase hydrothermal (H2S-

VPH) treatment in a closed Teflon-lined autoclave at 90°C for 6 hours (Figure 2.S1). 

Al2S3 (0.26 g) and 60 μL water were located at the bottom of the autoclave separately 

to supply the H2S dopant source. Lab-made Teflon holder was employed to vertically 

suspend the Co3O4 nanosheet film about 10 cm above the Al2S3 and water. After H2S-

VPH treatment, the S-doped Co3O4 samples were rinsed in carbon sulphide and ethanol 

respectively and stored in dark.  
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DSSCs device fabrication 

TiO2 photoanodes were used after calcination at 500°C for 30 min in air before dye 

loading (N719, Dyesol, Australia) for 24 h. The dye-loaded TiO2 electrode was coupled 

with CEs (CNS, S-CNS, or commercial Pt electrodes) to fabricate the DSSCs; these 

two electrodes were separated by a 60 μm thick Surlyn and sealed by heating. The 

electrolyte was injected into the solar cell under vacuum, and the hole was sealed with 

hot-melt glue. 

Characterizations 

XRD patterns were collected with a Bruker A8 X-ray diffractometer operated at 40 

kV and 30 mA. Room-temperature Raman spectra were measured with a Renishaw 100 

system Raman spectrometer (632.8 nm He-Ne laser) with a spectral resolution of 2 cm−1 

(calibrated using the 520 cm−1 silicon band). The X-ray photoelectron spectroscopy 

(XPS) data was collected with a Kratos Analytical Axis Ultra X–ray photoelectron 

spectrometer with a Al X-ray source (1.487 keV). C 1s (284.8 eV) was used as the 

charge reference. The morphological properties of samples were studied by a JSM-7001 

field-emission scanning electron microscope (FE-SEM). The microstructures were 

analyzed by Tecnai 20 (F20) field-emission transmission electron microscope (FE-

TEM) with an accelerating voltage of 200kV. For TEM sample preparation, CNS and 

S-CNS samples were scrapped from FTO substrates, and dispersed in ethanol under 

ultrasonic. They were transferred onto TEM copper grids by a drop of the solution and 

drying in air.  

Electrochemical measurements 

Cyclic voltammetry (CV) measurements were performed with a CHI 760D (CH 

Instruments, Inc.) electrochemical workstation. FTO supported CNS, S-CNS or Pt 

electrode, a platinum mash net, and a Ag/AgCl electrode were used as the working 

electrode, counter electrode, and reference electrode, respectively. A solution of 10.0 

mM LiI, 1.0 mM I2, and 0.1 M LiClO4 in acetonitrile was used as the electrolyte. CV 
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curves were recorded at a scan rate of 50 mV/s. Tafel polarization curves and 

electrochemical impedance spectra (EIS) were obtained with symmetrical cells 

consisting of two identical electrodes; the electrode area was confined to be 0.49 cm2. 

The photocurrent-voltage curves were measured using a 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. 

Computational Methods 

All calculations were performed using the Vienna ab initio simulation program 

(VASP) based on the first-principles density functional theory (DFT) with the projector 

augmented wave (PAW) method in this study.1-3 Electron-ion interactions were 

described using standard PAW potentials,4, 5 with valence configurations of 

3s23p64s23d7 for Co, 5s25p5 for I, 2s22p4 for O, and 3s22p4 for S. And a kinetic energy 

cut-off of 520 eV was set. Herein, we used Perdew-Burke-Ernzerhof (PBE)6 functional 

for the GGA-level DFT calculations. Due to the insufficient consideration of the on-

site Columbic repulsion, between the Co d electrons, DFT may fail to describe the 

electronic structure of Co3O4. To overcome this shortcoming, the GGA+U approach 

was used.7 U-J = 6.0 eV for the Co atoms was chosen. A broadening approach proposed 

by Methfessel and Paxton was employed with an electronic temperature width of 0.2 

eV. To simulate the Co3O4 (111) surface, a 10-layer slab was enclosed in a supercell 

with a sufficiently large vacuum region of 15 Å to ensure the periodic images to be well 

separated. During the geometry optimizations, the atoms in the bottom three layers were 

fixed at the bulk-like positions; and the rest atoms were allowed to relax until the 

Hellmann-Feynman forces were smaller than 0.01 eV/Å. Our calculations with the 

consideration of spin-polarizations demonstrated that the most stable magnetic 

structures of Co3O4 are anti-ferromagnetic. And two neighbouring 4-coodinated Co 

cations are with opposite spins. To this end, in the middle of our Co3O4 (111) surface 

slab, the two 4-coodinated Co cations are also with the opposite spins in our systems. 
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For Brillouin-zone integrations, gamma-centered k-point grids of special points with a 

(4×4×1) mesh were used for the (11) surface cell. The calculation of I adsorption on 

S-doped Co3O4 (111) surface is based on the details described elsewhere.8 

Figures and captions 

 

 

Figure 3.S1 Schematic illustration of the H2S-VPH doping setup 

 

 

Figure 3.S2(a) SEM image, (b) TEM image, and (c) HRTEM image of CNS sample. 
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Figure 3.S3 Consecutive CV curves of a) S-CNS sample and b) Pt in I-/I3
- 

electrolyte. 

 

 

 

 

Figure 3.S4 a) Nyquist plots of CNS; b) Nyquist plots and c) Tafel curves S-CNS 

and Pt electrodes. Inset of b) shows the equivalent circuit.  

Electrochemical impedance spectroscopy (EIS) of the symmetrical cells 

composed of CNS, S-CNS and Pt electrodes was performed to investigate the 

charge-transfer behaviours and diffusion resistances. The value of EIS 

parameters (Table S1) were gained by fitting the EIS data with an equivalent 

circuit (inset of Fig. S2a). Rs is the series resistance of the electrolyte and 

electrodes. Rct is the charge-transfer resistance at the electrode-electrolyte 

interface, which is an indicator for the electrocatalytic activity of the electrode 

towards the reduction of I3
-. The similar Rct values of S-CNS and Pt electrodes 

imply they both possess good electrocatalytic activity.  
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Table 3.S1 Photovoltaic parameters and EIS parameters of the DSSCs with 

different electrodes as counter electrode.  

 

 

 

 

To further examine the electrocatalytic activities, Tafel polarization curve of 

logarithmic current density as function of potential was collected (Fig. S2b). The 

exchange current density (Jo), obtained from the extrapolated intercepts of anodic 

and cathodic branches, is indicative of the electrocatalytic activity. As shown in 

Fig. S2b, Tafel plot of S-CNS sample exhibits similar slope compared with Pt 

electrode indicating its good electrocatalytic activity.  
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Electrode Jsc (mA cm-2) Voc (V) FF η (%) Rs (Ω) Rct (Ω) 

CO 1.89 0.69 0.25 0.33 - - 

SCO 16.83 0.70 0.66 7.79 34.83 4.15 

Pt 17.52 0.71 0.66 7.81 28.92 3.13 
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Chapter 4. Synthesis, characterization of S-doped 

metal oxides and their photovoltaic activities 

4.1 Introduction  

In recent years, there has been a widespread interests in the studies on high 

performance energy-conversion devices aiming to alleviate the unprecedented energy 

demand as well as the pollution problems related to current energy consumption. 

Among these useful energy-conversion devices, dye-sensitized solar cells (DSSCs) 

have become the focus of attention as an important photovoltaic device due to its cost-

effectiveness, facile fabrication procedure and high energy conversion efficiency.1-3 

The counter electrode (CE) as one of the most important components in the DSSCs 

performs two critical functions, which collects the electron from the external circuit, 

and catalyzes the reduction of triiodide ions, thereby realizing the regeneration of the 

sensitizer.4-5 Although platinum (Pt) exhibits a very good performance as a superior CE 

material, the rarity and high cost of Pt severely impedes the large-scale application of 

DSSCs.6-7 Therefore, significant amount of efforts have been devoted to exploiting low 

cost, highly active and stable electrocatalyst substitutes to the Pt materials.  

Recently, several groups of compounds such as early-transition-metal carbides 

(TMCs)8-10, nitrides (TMNs)11-13 oxides (TMOs)14-16 and chalcogenides (TMChs)2, 17-18 

were reported showing Pt-like catalytic activities, some of these materials even 

exhibited higher energy conversion efficiency than their Pt counterparts. However, the 

fabrication of these materials either requires extremely high temperatures or showing 

much lower electrocatalytic activities compared with Pt.  

We have reported a vapor-phase hydrothermal (VPH) method with a low 

temperature as an efficient approach to achieve S doping of cobalt oxides (Co3O4) 

which dramatically increased electrocatalytic activities by creating an active-site-rich 

surface on the resultant electrocatalysts.19
 Herein, we explore VPH approach as a 

generic method for an effective creation of electrocatalytically active sites (sulphur 
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dopants) on other metal oxides materials, e.g., NiO and Fe2O3, as the CE materials for 

DSSCs. The results displayed that enormous improvements have been successfully 

accomplished in their electrocatalytic activities after VPH treatment compared with 

their corresponding raw counterparts, and also energy conversion efficiencies of 

DSSCs with these resultant electrocatalysts as CE material have been dramatically 

improved. 

4.2 Experimental Section 

Chemicals 

Nickle nitrate hexahydrate (99.9%), Iron (III) sulfate hydrate, NaNO3, NaOH, Al2S3, 

and LiClO4 (98%) 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 received 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 mentioned above 

were used without further purification. Deionized water (DIW) was used throughout 

the work. 

Fabrication of various counter electrodes 

The electrodeposition of Ni(OH)2 and Fe(OH)3 precursor films were formed directly 

on FTO substrates using a three-electrode electrochemical cell with a Ag/AgCl 

electrode as reference electrode and a Pt mesh as counter electrode. Specifically, a 

Ni(OH)2 film was obtained in an electrolyte containing 0.05 M Ni(NO3)2 and 0.1 M 

NaNO3, while a Fe(OH)3 film was carried in 0.05 M and 0.1M NaOH solution at a 

constant current of 1.0 mA cm-2 for 100s with a CHI 760D Electrochemical 

Workstation (CH Instruments, Inc.). The obtained Ni(OH)2 and Fe(OH)3 films were 

converted to NiO and Fe2O3 counterparts via sintering at 350°C and 450°C, 

respectively, for 30 min in air.  
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Thereafter, the films of S-doped NiO and Fe2O3 were obtained by vapour-phase 

hydrothermal (VPH) method. Specifically, NiO or Fe2O3 film on the FTO substrates 

were held on a home-made PTFE holder in a hydrothermal reactor where Al2S3 (0.26g) 

and 60 μL water were placed at the bottom without direct contact. The VPH reaction 

between the metal oxide film and hydrogen disulphide gas is initialized upon the 

hydrolysis of Al2S3 at the presence of water vapor generated at high temperature. The 

VPH reactors were heated for 6 hours in an oven with preset temperatures of 120°C and 

150°C for NiO and Fe2O3 respectively. 

Fabrication of the DSSCs 

TiO2 electrodes with mesoporous TiO2 films coated on FTO substrates were 

purchased commercially from Dyesol. They are sintered at 450°C for 30 mins in air 

prior to use. The sintered TiO2 electrode was coupled with one of the various CEs (CEs 

with metal oxides, S-doped metal oxides, and commercial Pt) to fabricate the DSSC; 

these two electrodes were separated by a 60 μm thick Surlyn and sealed by heating. The 

iodide/triiodide electrolyte was injected into the gap between the two electrodes under 

vacuum, and the hole was sealed with hot-melt glue after the electrolyte injection. 

Characterization  

The morphological properties of samples were investigated by a JSM-7001 scanning 

electron microscope (SEM). Cyclic voltammetric (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 a 

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 

acetonitrile was used as the electrolyte for all CV measurements. CV curves were 

recorded at a scan rate of 100 mV/s. Tafel polarization curves were obtained by 

symmetrical cells, at a scan rate of 50 mV/s, using a CHI 760 instrument with a two-

electrode system. The symmetrical cell contained two identical electrodes; the film area 

was confined to be 0.25 cm2 by removing the side portions by scrapping. The 
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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).  

4.3 Results and Discussion 

 

Figure 4.1 SEM images of a) S-NiO and b) S-Fe2O3 film on FTO substrates.  

The morphology of resultant S-NiO and S-Fe2O3 after VPH treatment was analyzed 

using scanning electron microscopy (SEM). As we can see from Figure 4.1 that a S-

NiO film is composed of nanoparticles with the mean diameter in the range from 10 

nm to 50 nm, while a S-Fe2O3 film is composed of particles with salient edges formed. 

As shown in Figure 4.2, cyclic voltammetry (CV) measurements were carried out in a 

three-electrode system, with Ag/AgCl as the reference electrode, Pt foil as the counter 

electrode and NiO, S-NiO, Fe2O3 and S-Fe2O3 as working electrodes, respectively, 

with a scan rate of 50 mV s-1, to investigate the electrocatalytic activity of these working 

electrodes toward triiodide reduction in the I-/I3
- electrolyte solution. The electrolyte 

used for this study was 10 mM LiI, 1 mM I2 and 0.1 M LiClO4 in acetonitrile. These 

electrodes exhibit obviously different electrochemical activity towards I-/I3
- redox 

reaction before and after VPH treatment. No significant current and oxidation– 
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Figure 4.2 Cyclic voltammograms comparison of a) NiO/FTO and S-NiO/FTO 

samples; b) Fe2O3/FTO and S-Fe2O3/FTO samples. The scan rate and scan voltage 

range are 50mV s-1 and -0.4–1.2 V vs Ag/AgCl, respectively. 

reduction were observed for both NiO and Fe2O3 CEs at the potential range from -0.4 

to 1.2 V, which indicated their poor electrocatalytic activity towards I-/I3
- redox 

reaction. Distinctively, the CV curves of the S-NiO and S-Fe2O3 electrodes after a facile 

VPH treatment exhibited two typical pairs of redox peaks assigned to the redox 

reactions of I3
-+ 2e-→3I-, 3I2+2e-→2I3

-, respectively,18, 20 which strongly indicating that 

S-NiO and S-Fe2O3 showed significantly improved electrochemical activity towards I-

/I3
- redox reaction. 

 

Figure 4.3 Tafel polarization curves for a) NiO/FTO and S-NiO/FTO and b) 

Fe2O3/FTO and S-Fe2O3/FTO counter electrodes. 

Tafel polarization measurement was also carried out in a symmetric cell assembly 
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with usual DSSCs electrolyte mentioned above to further confirm electrocatalytic 

activity for NiO, S-NiO, Fe2O3 and S-Fe2O3 electrodes, respectively. The scan rate for 

this measurement was 10 mV s-1. The catalytic properties of an 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 with the 

equilibrium potential line of the corresponding Tafel curves, is directly related to the 

electrocatalytic activity of an electrode.21 The steeper the Tafel zone, the higher Jo and 

the more catalytically active the materials. As shown in Figure 4.3, NiO electrode 

showed an irregular Tafel curve, which indicated its poor electrocatalytic activities, 

while S-NiO electrode displayed a steep Tafel slope, which is in a good agreement with 

the results of CV measurements. Similarly, S-Fe2O3 electrode has a steeper change in 

the slope of the curve and also higher diffusion current density than its Fe2O3 

counterpart. 
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Figure 4.4 Photocurrent density–voltage characteristics of FTO, NiO/FTO, S-

NiO/FTO, Fe2O3/FTO, S-Fe2O3/FTO and Pt/FTO CEs.  

Figure 4.4 illustrates the J–V curves of the DSSCs based on FTO, NiO/FTO, S-

NiO/FTO, Fe2O3/FTO, S-Fe2O3/FTO and Pt/FTO CEs, respectively, and also open-

circuit voltages (Voc), short-circuit photocurrent densities (Jsc), fill factors (FF), and  
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Table 4.1 Photovoltaic performance comparisons of DSSCs using S-NiO/FTO, S-

Fe2O3/FTO, and Pt/FTO CEs.  

 

 

 

power conversion efficiencies (η) of S-NiO/FTO, S-Fe2O3/FTO and Pt/FTO CEs are 

listed in Table 4.1. DSSCs based on FTO, NiO/FTO, and Fe2O3/FTO show poor 

photovoltaic performances with low FF and poor energy conversion efficiency, which 

is consistent with the absent redox peaks in CV curves of NiO and Fe2O3 in I-/I3
- 

electrolyte. However, after VPH treatment, the S-NiO/FTO CE exhibits a high 

efficiency of 8.05%, and the corresponding Jsc, Voc and FF are 16.68 mA/cm2, 0.72 V 

and 0.67, whereas cell efficiency of S-Fe2O3/FTO CE reaches up to 7.48% Jsc = 16.26 

mA/cm2, Voc = 0.73 V, FF = 0.63. The higher Jsc and η for cells with S-NiO/FTO and 

S-Fe2O3/FTO CEs are clearly due to the higher electrocatalytic activity for the I3
− 

reduction of their CEs, which mainly results from the increased active catalytic sites 

after S doping. Compared to the Pt/FTO cell (FF=0.65), the S-NiO/FTO CE even 

possesses a slightly higher FF. Even though η of the S-NiO/FTO and S-Fe2O3/FTO 

cells are slightly lower than that of Pt/FTO cell (8.61%), this can be mainly ascribed to 

a slightly lower Jsc. The excellent photovoltaic performances of S-NiO/FTO and S-

Fe2O3/FTO cells could be promising alternatives for Pt-free DSSCs. 

4.4 Conclusion 

In conclusion, a facile VPH technique has been successfully extended to the 

fabrication of sulphur doped metal oxide films (metal = nickel or iron) via in-situ doping 

approach. Our preliminary results confirm that compared with their metal oxide 

counterparts, the sulphur doped metal oxide films demonstrate significantly enhanced 

electrocatalytic activities towards the reduction of triiodide. The photovoltaic 

performances of the DSSCs have reached 8.05% and 7.48% for S-NiO and S-Fe2O3 

Sample Jsc (mA/cm2) Voc (V) FF η (%) 

S-NiO 16.68 0.72 0.67 8.05 

S-Fe2O3 16.26 0.73 0.63 7.48 

Pt 18.23 0.73 0.65 8.61 
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respectively which are similar to those with benchmark Pt electrode. In view of their 

earth abundancy, wide availability and superior electrocatalytic performance, both S-

NiO and S-Fe2O3 can be viewed as promising CE alternatives to be used in high 

efficiency, Pt-free DSSCs. 
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Chapter 5 General Conclusion and Future Work 

The major objective of this thesis is to develop generic synthesis method to convert 

earth abundant nanostructured metal oxide into highly efficient electrocatalytic active 

materials for energy conversion, i.e., as counter electrode materials in dye-sensitized 

solar cells. Noble metals and their alloys have been the benchmark materials to catalyse 

numerous key chemical reactions in energy conversion devices, such as dye-sensitized 

solar cells (DSSCs), fuel cells, water electrolysers. To develop generic, viable synthesis 

method to fabricate efficient, stable alternatives using other widely available materials 

will provide avenues towards large scale applications of such important devices. In this 

thesis, a facile and robust vapor-phase hydrothermal (VPH) treatment has been 

developed to introduce high sulphur dopants as active sites into the metal oxide 

materials to remarkably improve their electrocatalytic activities that could be used as 

counter electrode (CE) in high performance DSSCs. The research results and essential 

details of each experimental chapter are briefly summarized as below: 

In Chapter 2, for the first time, Co3O4 nanowires films have been successfully 

converted into S-Co3O4 counterpart by the simple VPH approach. The structural and 

electrocatalytic properties of the resultant S-Co3O4 films are systematically 

characterized and show strong dependence on the fabrication parameters. DSSCs 

equipped with the optimized S-Co3O4 films CE demonstrated high photovoltaic 

performance that is comparable to the commercial platinum (Pt) electrode. The superior 

electrocatalytic activities of S-Co3O4 films confirm their potentials to be used as 

alternative CE materials for Pt-free DSSCs. 

In Chapter 3, unprecedentedly high sulphur contents (47%) have been introduced to 

the surface of electrodeposited Co3O4 thin film via VPH approach and they have 

demonstrated the high electrocatalytic activities towards triiodide reduction reaction. 

Characterization data confirms that surface oxygen have been fully substituted with the 

sulphur during the mild VPH treatment. Density Function Theory calculation confirms 

that the Co-S species on the surface plays key role in the electrocatalytic reduction of 
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triiodide in electrolytes. The solar-to-electricity conversion efficiency of the DSSCs 

with the as prepared S-Co3O4 CE has achieved 7.79% almost identical to that with 

benchmark Pt electrode (7.81%).  

In Chapter 4, the VPH method has been successfully extended to other metal oxides 

such as NiO and Fe2O3 to fabricate S-NiO and S-Fe2O3 electrodes. The applicability of 

the robust VPH techniques has been verified with the significantly enhanced 

electrocatalytic activities of the resultant electrodes compared to the pristine NiO and 

Fe2O3 counterparts. Relatively high solar-to-electricity conversion efficiency has been 

achieved using these low cost, earth abundant S-NiO and S-Fe2O3 materials when 

compared to commercial Pt electrode, confirming the usefulness of the generic VPH 

for the development of other novel functional materials.  

Despite of the positive results demonstrated in this study, future work is highly 

recommended in the following aspects: firstly, from material engineering point of view, 

the full capability of the generic VPH approach is required to be further exploited. Other 

metal compounds (oxides, nitrides, carbides, chalcogenides), metal free materials 

(carbon, graphene, carbon nitride etc.) and their composite have been proven to possess 

potentials to be activated to boost their photocatalytic, electrocatalytic properties using 

VPH. It is strongly believed that the synergy between the atomic structures with the 

alien atoms would dramatically alter the physiochemical properties that open up a new 

avenue towards high performance functional materials for various applications. 

Secondly, in-depth understanding on the VPH reaction energetics, reaction kinetics, 

interfacial reaction and mass transfer is highly desirable. Investigation on the 

fundamental processes of the entire VPH reaction will not only allow knowledge on the 

principle of the reaction mechanism but more importantly provide opportunities to 

manipulate the process to achieve specific goal. To achieve this, systematic experiment 

and also in-situ monitoring techniques need to be put in place. Also, computational 

calculation tools should be involved to provide theoretical prediction and guidance.  

 




