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Abstract 

        The research fields of water purification and renewable energy sources have gained a lot 

of interest in the past few decades owing to the growing distress caused by rapid 

industrialization and population outburst. This thesis is aimed at developing materials as 

catalysts for applications in water purification and electrochemical H2 production, which can 

take us a step closer to living in a clean and sustainable environment. The thesis is mainly 

divided in three sections, the first one gives an overview of the current water scarcity and 

pollution issues while addressing the need for treating the industrial wastewater in a clean and 

efficient manner through photocatalysis. It also sheds light on the existing energy crisis due to 

strong dependence on fossil fuels and their impact on the climate while acknowledging 

hydrogen as a potential renewable energy carrier for sufficing the future energy needs of the 

planet.  

        Section 2 contains different approaches taken into consideration for addressing the 

problem of water pollution caused by the emission of industrial organic pollutants, mainly dyes 

and phenols, into natural water streams/reservoirs. The first approach consists of synthesizing 

photocatalyst coatings forming heterojunction to tackle the problems of agglomeration of 

catalyst and charge recombination. Pulsed Laser Deposition (PLD) was realised as an effective 

technique for fabrication of photocatalyst coatings with desired morphologies. CoFe2O4/CoO 

hierarchical-type nanostructured coatings were deposited by PLD for evaluating the 

photocatalytic activity towards degradation of MB dye. The role of morphology, optical 

properties and heterojunction between CoFe2O4 and CoO were studied through an in-depth 

characterization and analysis. In our next work, the strategies of doping and composite 

formation were combined as an effective approach in reducing the bulk and surface 

recombination of photoexcited charges. Tungsten doped TiO2/reduced graphene oxide (rGO) 

nanocomposite photocatalysts were synthesized and tested for para-Nitrophenol (p-NP) 

degradation. The synthesized photocatalyst exhibited good photocatalytic activity in 

degradation of organic pollutant p-NP with superior activity compared to rGO/TiO2, TiO2 and 

W-TiO2 respectively. Similar studies were performed on reduced graphene oxide (rGO)-TiO2 

composites by varying the GO to TiO2 concentration. The synthesized composite rGOT-3 

(rGO/TiO2 weight ratio of 3) displayed the highest photocatalytic activity for degradation of p-

NP compared to TiO2, GO and other composites. Experimental measurements were conducted 

in order to study and analyse the synthesized composites. In the final approach, the 

photocatalytic activity of metal oxide films exhibiting high surface area were tested under 
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concentrated natural sunlight. The PLD synthesized monoclinic nanostructured “flower-shape 

like” tungsten oxide (WO3) coatings demonstrated good photocatalytic degradation of MB dye 

in solar PDC (parabolic dish concentrator) setup under photo-Fenton conditions. The coatings 

also show stable performance in acidic media thereby broadening the industrial applications. 

        Section 3 deals with electrochemical water splitting, a promising technique for clean and 

renewable H2 and O2 production. This section comprises of developing Water Oxidation 

Catalysts (WOC’s) made up of cheap, scalable and efficient materials exhibiting low 

overpotentials for Oxygen Evolution Reactions (OER). IrOx and RuOx are considered as a 

benchmark for WOC performance in acidic media, however, in recent years, transition metal 

oxides based on iron, cobalt and nickel have gained a lot of attention because of their stability 

and promising performances as WOC in alkaline media. NiOx films with different 

morphologies were synthesized by PLD to functionalize solar light absorbing photoanodes. 

The synthesized porous films demonstrated low overpotentials for OER thereby opening ways 

for the application of NiOx as OER co-catalysts in photoanodes for photoelectrochemical 

(PEC) technology. In our final work, mixed metal oxide coatings were fabricated by PLD for 

alkaline water oxidation studies. Boron was introduced to study its influence on the 

electrochemical activity of the films. The role of Co, Fe and B were individually studied 

through detailed characterization and electrochemical studies. 

 

 

 

 

 

 

 

 

 



6 
 

Table of Contents: 
 

Abstract .................................................................................................................................................. 4 

Chapter 1: Environment and Energy.................................................................................................. 9 

1.1 Environment ................................................................................................................................ 9 

a) Water as a resource .................................................................................................................... 9 

b) Current issues ............................................................................................................................ 10 

c) Wastewater treatment ............................................................................................................. 11 

d) Industrial pollution and photocatalysis..................................................................................... 12 

e) Direct photolysis of H2O2 ........................................................................................................... 14 

f) Fenton and photo-Fenton reactions .......................................................................................... 14 

1.2 Energy ........................................................................................................................................ 15 

a) Global energy sources and trends ............................................................................................. 15 

b) Effects on climate ...................................................................................................................... 19 

c) Need for a sustainable renewable source ................................................................................. 22 

d) Hydrogen as a fuel and its production ...................................................................................... 23 

e) Fuel cells .................................................................................................................................... 25 

Chapter 2:  Experimental techniques and Characterizations ......................................................... 27 

2.1 Experimental techniques .......................................................................................................... 27 

a) Sol-gel method .......................................................................................................................... 27 

b) Pulsed Laser Deposition technique (PLD) .................................................................................. 29 

2.2 Characterization techniques .................................................................................................... 32 

a) Scanning Electron Microscopy (SEM) ........................................................................................ 32 

b) Micro-Raman Spectroscopy ...................................................................................................... 35 

c) X-ray Diffraction (XRD) .............................................................................................................. 37 

d) UV-VIS-NIR spectroscopy .......................................................................................................... 39 

Chapter 3: Pulsed laser deposition of CoFe2O4/CoO hierarchical-type nanostructured 

heterojuction forming a Z-scheme for efficient spatial separation of photoinduced electron-hole 

pairs and highly active surface area .................................................................................................. 42 

3.1 Introduction ............................................................................................................................... 42 

3.2 Experimental ............................................................................................................................. 45 

3.2.1 Synthesis ............................................................................................................................... 45 

3.2.2 Characterization ................................................................................................................... 46 

3.2.3 Photocatalytic activity .......................................................................................................... 46 

3.3 Results and Discussion .............................................................................................................. 47 

3.4 Conclusion ................................................................................................................................. 64 



7 
 

Chapter 4: Tungsten-doped TiO2/reduced Graphene Oxide nano-composite photocatalyst for 

degradation of phenol: A system to reduce surface and bulk electron-hole recombination ........ 65 

4.1 Introduction ............................................................................................................................... 65 

4.2 Experimental methods .............................................................................................................. 67 

4.2.1 Synthesis of TiO2 and W-doped TiO2 .................................................................................... 67 

4.2.2 Preparation of GO, TiO2/GO and W-TiO2/GO composites .................................................... 67 

4.2.3 Characterization techniques ................................................................................................ 68 

4.2.4 Photocatalytic activity measurement .................................................................................. 69 

4.3 Results and discussion .............................................................................................................. 69 

4.4 Conclusions ................................................................................................................................ 85 

Chapter 5: Effect of Graphene oxide loading on TiO2: Morphological, optical, interfacial charge 

dynamics .............................................................................................................................................. 87 

5.1 Introduction ............................................................................................................................... 87 

5.2 Experimental Methods ............................................................................................................. 90 

5.2.1 Synthesis of TiO2, GO and rGO-TiO2 nanocomposite ............................................................ 90 

5.2.2 Materials Characterization .................................................................................................. 91 

5.2.3 Photocatalytic activity measurement .................................................................................. 91 

5.3 Results and Discussion .............................................................................................................. 92 

5.3.1 Photocatalytic activity ........................................................................................................ 104 

5.4 Conclusion ............................................................................................................................... 107 

Chapter 6: WO3 nanostructures produced by pulsed laser deposition for solar photocatalytic 

water remediation ............................................................................................................................. 108 

6.1 Introduction ............................................................................................................................. 108 

6.2 Experimental ........................................................................................................................... 110 

6.2.1 Synthesis ............................................................................................................................. 110 

6.2.2 Characterization ................................................................................................................. 111 

6.2.3 Photocatalytic activity ........................................................................................................ 111 

6.2.4 Solar Concentrator photocatalytic measurements ............................................................ 112 

6.3 Results and Discussions .......................................................................................................... 113 

6.4 Conclusions .............................................................................................................................. 118 

Chapter 7: Pulsed laser deposition of nickel oxide films with improved optical properties to 

functionalize solar light absorbing photoanodes and very low overpotential for water oxidation 

catalysis .............................................................................................................................................. 120 

7.1 Introduction ............................................................................................................................. 120 

7.2 Materials and Methods ........................................................................................................... 122 

7.3 Results and Discussion ............................................................................................................ 123 

7.4 Conclusions .............................................................................................................................. 133 



8 
 

Chapter 8: Alkaline water oxidation studies on mixed metal oxide thin films deposited by pulsed 

laser deposition .................................................................................................................................. 134 

8.1 Introduction ............................................................................................................................. 134 

8.2 Experimental ........................................................................................................................... 136 

8.2.1 Synthesis ............................................................................................................................. 136 

8.2.2 Characterization ................................................................................................................. 137 

8.2.3 Electrochemical measurements ......................................................................................... 137 

8.3 Results and Discussions .......................................................................................................... 138 

8.4 Conclusions .............................................................................................................................. 153 

Conclusions and Future work .......................................................................................................... 154 

a) Environment .......................................................................................................................... 154 

b) Energy .................................................................................................................................... 156 

References .......................................................................................................................................... 158 

List of Publications ........................................................................................................................... 180 

Acknowledgements ........................................................................................................................... 181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Chapter 1: Environment and Energy 
 

 1.1 Environment 

a) Water as a resource 

    Water is the most important resource humans have on planet earth. Though it is a renewable 

source of energy, it is not unlimited. Hence it is a resource which has to be conserved so as to 

suffice the needs of the present and the future generations of all the species. The uses of water 

are well known and ranges from the domestic level to the industrial scale. With the current 

population approaching 8 billion, more and more food is required which means more water 

will be consumed. Agriculture is the primary consumer of water and with the increase in growth   

of water thirsty meat and vegetables, a significant load has been put on the water resources.  

    Water resources are the primary sources of water on planet earth. Out of the total water 

present, about 97% is present in oceans in the form of saltwater (Fig. 1). The remaining 3% 

has majority of it frozen in glaciers and polar ice caps, leaving less than 1% freshwater available 

on our planet in the form of ground water and other freshwater resources on land.  Hence it is 

very important to understand how limited freshwater resources are and efforts have to be made 

to preserve their purity thereby maintaining the quality of water. 

 

 

Figure 1: graphical representation of earth's water distribution [1]. 
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b) Current issues  

     Water demand has increased widely in the past few decades and exceeds the supply in many 

parts of the world. A lot of developing and under developed countries are already facing water 

crisis and this imbalance is expanding to other developed countries too. This imbalance arises 

firstly due to the fact that the existing freshwater resources in the world are not evenly 

distributed. Hence, there are some parts of the world which are in deficit and some in surplus. 

More than a billion people lack access to safe drinking water, almost 3 billion have little or no 

sanitation and millions of people die annually from diseases transmitted through unsafe water 

[2]. The adversities of water shortage and uneven distribution are felt all over the world. 

According to UN reports, about 700 million people worldwide could be displaced by intense 

water scarcity by 2030 [3]. A third of the world’s biggest groundwater systems are already in 

distress [4]. Nearly half the global population are already living in potential water scarce areas 

at least one month per year and this could increase to about 4.8–5.7 billion in 2050. About 73% 

of the affected people live in Asia (69% by 2050) [5].      

      Another important factor adding to the changing water levels is the climate change. Sudden 

change in the climate patterns have significant impacts on water resources in the world because 

of the close dependance of hydrologic cycle on climate. There have been many reports on 

melting of ice in the glaciers and snowy regions leading to an increase in the sea level along 

with significant damage to the existing ecosystem.  About 10% of land area on Earth is covered 

with glacial ice. Almost 90% of that is in Antarctica, while the remaining 10% is in the 

Greenland ice cap. Rapid glacial melt in Antarctica and Greenland influences the ocean 

currents, as massive amounts of cold glacial-melt water enter the warmer ocean waters and 

slow down the ocean currents. Fig. 2 displays the amount of ice loss in Greenland and Antartica 

along with the increase in sea levels in recent years. 
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Figure 2: (A) Graphical representation of ice loss in Greenland and Antartica in the past 

decades and (B)graph showing the increase in sea level in recent times [6] 

c) Wastewater treatment 

      Wastewater treatment is another aspect which needs to be addressed in order to suffice the 

water needs of the planet. In both developing as well as developed countries, an increasing 

number of contaminants are entering water supplies from human activity: from traditional 

compounds such as heavy metals to emerging micro-pollutants such as endocrine disrupters 

and nitrosoamines [7,8]. Globally, it is likely that over 80% of wastewater is released to the 

environment without adequate treatment. The opportunities from exploiting wastewater as a 

resource are enormous. Safely managed wastewater is an affordable and sustainable source of 

water, energy, nutrients and other recoverable materials. Several water-related diseases, 

including cholera and schistosomiasis, remain widespread across many developing countries, 

where only a very small fraction (in some cases less than 5%) of domestic and urban wastewater 

is treated prior to its release into the environment [9]. Water availability is also affected by 

pollution. Most problems related to water quality are caused by intensive agriculture, industrial 

production, mining and untreated urban runoff and wastewater [10]. By 2050, close to 68% of 

the world’s population will live in cities, compared to 55% in 2018. Currently, most cities do 
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not have inadequate infrastructure and resources to address wastewater management in an 

efficient and sustainable way [11]. More than a billion people use a source of drinking water 

contaminated with faeces, putting them at risk of contracting cholera, dysentery, typhoid and 

polio. The greatest increases in exposure to pollutants are expected to occur in low- and lower-

middle income countries, primarily because of higher population and economic growth in these 

countries, especially those in Africa and the lack of wastewater management systems [9]. 

      Water treatment is one possible solution to tackle the current issues and help avoid the 

future water crisis. Conventional methods of water disinfection and decontamination can be 

used to address many of these problems. Currently available water treatment technologies such 

as adsorption by activated carbon or coagulation merely concentrate the pollutants present by 

transferring them to other phases, they still remain in the active form and are not being 

completely “eliminated” or “destroyed” [12,13]. Other conventional water treatment methods 

such as sedimentation, filtration, chemical and membrane technologies involve high operating 

costs and could generate toxic secondary pollutants into the ecosystem [13]. These 

concentrated toxic contaminants are highly dangerous and concerns regarding their safe 

degradation bring up a secondary problem. For example filters, when full of waste, must be 

disposed of, usually by incineration. This procedure emits into the atmosphere substances 

which are harmful to health and environment. A typical and widely used chemical disinfection 

process is Chlorination. The disinfection by-products generated from chlorination are 

mutagenic and carcinogenic to human health [14,15]. These drawbacks from the current water 

treatment methods which are focused on large systems, precludes their use in much of the 

world. 

d) Industrial pollution and photocatalysis 

     In view to address these problems, development of advanced low-cost and highly efficient 

water treatment technologies to treat the wastewater are desirable. The possible reuse of onsite 

rural wastewater or the treated municipal wastewater from treatment plants for agricultural and 

industrial activities can be a good step towards wastewater management. Since these 

wastewaters constitute one of the largest possible water resources, its reuse will help fight water 

shortage as well as water pollution effectively. More than 100,000 dyes are available 

commercially and over 1 million tons of organic dyes are produced per year, of which 50% are 

textile dyes. In India alone, the dye industry produces around 60,000 metric tons of dyes, which 

is approximately 6.6% of total colorants used worldwide. The largest consumer of organic dyes 

are the textile industries accounting for two third of the total production of dyes [16]. 
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   Most of the dyes cause water colourization at very low concentrations (even at 1 mg/L) and 

hence their uncontrolled discharge in the natural water resources creates serious ecological 

problems [17]. In addition, the dyes can affect the development of aqueous ecosystems as well 

as disturb the photosynthesis activity of the marine flora. Their high chemical and photo 

resistance creates potential risk for human health through their accumulation in the food chain 

transport. Citing these reasons, the treatment of wastewaters containing dyes prior their 

disposal in the water resources is obligatory, but at the same time a complicated process. 

     A promising method is the Advanced Oxidation Process (AOP) which can be used to purify 

wastewater containing organic pollutants, such as organic dyes and pathogens, by the 

production of hydroxyl radicals (OH) which are highly reactive chemical species. The organic 

pollutants are completely mineralized by AOP leading to the end products of CO2 and inorganic 

ions. Among AOPs, heterogeneous photocatalysis has proved to be of real interest as efficient 

tool for degrading organic contaminants. Photocatalysis is initiated by the photocatalyst (e.g. 

semiconductor TiO2, Fig. 3) upon irradiation with photons (from an artificial light source or 

solar light). These photons excite the electrons (e−) in the photocatalyst to the conduction band 

(CB) if the energy of the photons is greater than the band gap, leaving behind a positive hole 

in the valence band (hVB
+) [18]. Eq 1 represents the initiation reaction with TiO2 as the 

photocatalyst. 

 

                                                    TiO2 + h → hVB
+ + eCB

-                                                     (1) 

       The excited electrons that are now in the conduction band (eCB
−) will react with oxygen 

(O2) from the atmosphere producing superoxide radicals (O2
−), see Eq. (2) [19]. While this 

reaction is occurring, the oxidation of water takes place at the positive hole (hVB
+) in the valance 

band generating hydroxyl radicals (OH) and hydrogen ions (H+), see Eq. (3). These reactive 

species (radicals) in turn oxidize the organic pollutant [19]. Even though degradation begins 

with a partial degradation, the term ‘photocatalytic degradation’ usually refers to complete 

photocatalytic oxidation by mineralizing the organic pollutant to essentially CO2, H2O and 

halide ions. 

                                                          eCB
− + O2 → O2

−                                                           (2) 

                                                      hVB
+ + H2O → OH  + H+                                                 (3) 

     



14 
 

 

Figure 3: A demonstration of photocatalysis reaction with TiO2 as the photocatalyst [20]. 

 

e) Direct photolysis of H2O2 

      Direct photolysis of H2O2 is another way of degrading organic pollutants where H2O2 is 

commonly used as a sacrificial oxidizing agent. After its discovery in 1818, it was first used to 

reduce odor in wastewater treatment plants and soon became widely employed in wastewater 

treatment [21]. It is one of the first oxidants tested in photocatalytic applications and it has been 

tested with a large number of organic compounds in recent years [2]. However, since hydrogen 

peroxide itself is not an excellent oxidant for many organic pollutants, it must be combined 

with UV light, salts of particular metals or ozone to produce the desired degradation results 

[22]. When exposed to UV light, the H2O2 molecule undergoes a direct photolysis and OH 

radicals are produced: 

                                                            H2O2 + h → 2 OH                                                   (a) 

      Reaction (a) takes place only with photons of wavelength  < 280 nm [23]. The hydroxyl 

radicals produced can directly participate in the oxidation of the organic pollutants present in 

wastewater. However, this technique requires large quantity of H2O2 and intense UV light for 

long durations, making it expensive for industrial applications. 

f) Fenton and photo-Fenton reactions 
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      AOP’s such as photo-Fenton reaction are cost effective and efficient process to remove 

organic pollutants in presence of H2O2 and metal cations [24,25]. Importantly, photo-Fenton 

reaction may proceed by absorption of visible light which is a big advantage over direct 

photolysis of H2O2 and photoexcitation of TiO2 which require high intensity UV light [2].  

      The Fenton reaction (a mixture of H2O2 and Fe2+ in acidic medium having powerful 

oxidizing properties) is a process in which Fe2+ ions are oxidized to Fe3+ and H2O2 is reduced 

to hydroxide ion (OH-) and hydroxyl radical (OH) in absence of light. 

                                     Fe2+ + H2O2 → Fe3+ + OH + OH-                                                     (b) 

      The ferric ion produced in Equation (b) can in principle be reduced back to ferrous ion by 

a second molecule of hydrogen peroxide:  

                                     Fe3+ + H2O2 → Fe2+ + H+ + HO2
                                                                    (c) 

      The problem is that equation (c) is much slower than the initial step (Equation b) and hence 

addition of relatively large amounts of Fe (II) may be required in order to degrade the pollutant 

of interest [26]. Another important limitation of the Fenton reaction is the formation of 

recalcitrant intermediates that can inhibit complete mineralization of the organic pollutant [27]. 

Despite these potential limitations, the conventional Fenton reaction has been widely used for 

the treatment of effluents [28,29].        

     The irradiation of Fenton reaction systems with UV/Vis light (250-400 nm) strongly 

accelerates the rate of degradation. This behavior is due principally to the photochemical 

reduction of Fe (III) back to Fe (II), for which the overall process can be written as:   

                                     Fe3+ + H2O + h → Fe2+ + OH + H+                                               (d) 

This reaction combined with the Fenton reaction (equation b) is called as photo-Fenton 

reaction. Looking at reaction (d), it is possible to notice two benefits from it: the generation of 

Fe2+ ions that are essential for the Fenton process and the production of another hydroxyl 

radical that contributes to the mineralization process of the pollutant. This way it is possible to 

have a regeneration of the catalyst carried out by light and so, with less amount of Fe2+, with 

respect to the Fenton process, a complete degradation of organic molecules can be achieved. 

As a consequence of these two effects, the photo-Fenton process is faster than the conventional 

Fenton process [27,30]. 

 1.2 Energy 

a) Global energy sources and trends 
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       A clean and sustainable source of energy is one of the most important challenges facing 

humanity in the 21st century. Energy is needed for a variety of activities which can be 

residential, commercial, transportation and industrial. Humans are heavily depended on energy 

consuming utilities like heating, cooling, lighting, driving etc. Compared to the previous ages, 

the human population has experienced a high growth rate, especially as a consequence of the 

industrial revolutions. The big innovations in the technical tools allowed a progressive 

improvement of the life expectancy and quality. The increasingly energy intensive human 

activities multiplied by the growing world population produced in the last three centuries have 

created a lot of stress on the existing energy resources. The current use of the primary energy 

sources available on our planet are clearly unsustainable. Fig. 4 gives an idea about the Total 

Primary Energy Supply (TPES) by fuel in units of Mtoe (Million tonnes of oil equivalent) 

which shows more than two-fold increase in TPES in 40years. This clearly shows the 

increasing need of energy in the global economy resulting in increased consumption which in 

turn increases the energy demand. 

 

Figure 4: World total primary energy supply by fuel [31]. 

       The major sources for the energy in the world are fossil fuels (Oil, Coal and Natural Gas) 

which are consumed without regard for the consequences. The depletion of these resources have 

already altered the natural habitat, climatic conditions and ecosystems on the planet resulting in 

irreversible damages like melting of ice caps, glaciers and increase in air and water pollution. 

In 2016, the rate of global energy consumption was in the range of 18.5 TW [32]. Owing to 

rapid growth in industrialization in underdeveloped and developing countries, this global value 

will continue to rise at a faster rate due to the exponential increment in world population. With 

the estimated projections based on current growth, the global annual energy consumption rate 
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will reach 27 TW by 2050 and almost 50 TW by the end of the century [33]. More than three 

quarters of the total global energy consumed at present comes from burning fossil fuels which 

are limited energy resources of the planet thereby facing an immediate threat of depletion. Fig. 

5 demonstrates the world energy consumption by energy source indicating the high dependence 

on coal, natural gas and liquid fuels for energy. The energy consumption is given in terms of 

quadrillion BTU (British Thermal Units) [1quad BTU = 1.055 * 1018 J]. 

 

Figure 5: World energy consumption by all the sources [34].  

       The global energy consumption in 2018 increased at nearly twice the average rate of 

growth since 2010, which is mainly due to a robust global economy and climate changes 

accounting for increased heating and cooling. Natural gas contributed to 45% of the rise in 

energy consumption during this period with maximum requirement in the United States and 

China. Almost a fifth of the increase in global energy demand came from higher demand for 

heating and cooling as average winter and summer temperatures in some regions approached 

or exceeded historical records. These findings are part of the International Energy Agency’s 

latest assessment of global energy consumption and energy-related CO2 emissions for 2018.  
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Figure 6: World consumption statistics by country (in Mtoe) as per 2018 [35]. 

 

         Fig. 6 shows the world energy consumption statistics (in Mtoe) in 2018 on the world map 

with measured energy consumption by each country. China and USA lead the world in terms 

of energy consumers with more than 2000 Mtoe of energy consumed in 2018. With more and 

more developing countries exhibiting rapid industrial growth, the energy consumption is bound 

to increase at an alarming rate. Fig. 7 gives the Total Primary Energy Demand (TPED) of the 

world and indicates the projections of the ever increasing energy demand in terms of energy 

source. Coal, oil and natural gas are the major sources of energy and are rapidly depleting. In 

the next 40-50 years we will run out of both oil and natural gas respectively, while coal will 

last only for the next 129 years. Thus it is of great concern that we look towards renewable 

sources of energy so as to avoid the disruption of services in the near future. 
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Figure 7: Total Primary Energy Demand (TPED) of the world [36].  

b) Effects on climate 

     Fossil fuel depletion is not the only immediate concern at present. The exponential rise in 

population coupled with industrialization have brought another severe issue to the podium, i.e., 

climate change. Since more than three quarters of the energy is delivered by burning the fossil 

fuels (coal, oil and gas), this adds to the increase in CO2 levels in the atmosphere along with 

other harmful greenhouse gases like methane and nitrous oxide. About 50% of the 

anthropogenic emissions of CO2 from the beginning of Industrial Age (1750) have occurred 

between 1970 and 2010 signifying the catastrophic impact on the ecosystem. In the same period 

the emissions of CO2 from fossil fuels combustion and industrial processes contributed to 

~78% of the total greenhouse gases emissions increase [37]. About 40% of the emissions have 

remained in the atmosphere while the rest was removed from the atmosphere and stored on 

land (in plants and soils) and in the ocean. The ocean has absorbed about 30% of the emitted 

anthropogenic CO2, causing ocean acidification [37]. The global atmospheric concentration of 

CH4 has increased from a pre-industrial value of about 715 ppb to 1732 ppb in the early 1990s, 

and was 1774 ppb in 2005 while the global atmospheric N2O concentration increased from a 

pre-industrial value of about 270 ppb to 319ppb in 2005. Many halocarbons (including 

hydrofluorocarbons) have increased from a near-zero pre-industrial background concentration, 

primarily due to human activities [38]. These Greenhouse Gases (GHGs) concentrations in the 

atmosphere are unprecedented in atleast the last 800 thousand years and without interventions 
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will increase more and more. Fig. 8 demonstrates greenhouse gases emissions by various 

economic sectors in 2010, out of the total GHGs emissions 35% of GHG emissions were 

released in the energy supply sector 24% in AFOLU, 21% in industry, 14% in transport and 

6.4% in buildings. When emissions from electricity and heat production are attributed to the 

sectors that use the final energy (i.e. indirect emissions), the shares of the industry and buildings 

sectors in global GHG emissions are increased to 32% and 19%, respectively. 

        The fifth assessment report on climate change, 2014 says that the continued emission of 

greenhouse gases will cause long-lasting changes in all components of the climate system, 

increasing the likelihood of severe, pervasive and irreversible impacts for people and 

ecosystems. Limiting climate change would require substantial and sustained reductions in 

greenhouse gas emissions which, together with adaptation, can limit climate change risks. 

Increase in land and ocean surface temperatures along with an increase in the sea level are 

major issues faced due to global warming. Each of the last three decades has been successively 

warmer at the Earth’s surface than any preceding decade since 1850. The period from 1983 to 

2012 was likely the warmest 30-year period of the last 1400 years in the Northern Hemisphere. 

The globally averaged combined land and ocean surface temperature data as calculated by a 

linear trend show a warming of 0.85°C in the period from 1880 to 2012 [37]. 

 

Figure 8: Greenhouse gas emissions by different economic sectors as per 2010 [39]. 
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      Over the period 1992 to 2011, the Greenland and Antarctic ice sheets have been losing 

mass and glaciers have continued to shrink almost worldwide. There is high certainty that 

permafrost temperatures have increased in most regions since the early 1980s in response to 

increased surface temperature and changing snow cover. The annual mean Arctic sea-ice extent 

decreased over the period 1979 to 2012, with a rate that was very likely in the range 3.5 to 

4.1% per decade. Arctic sea-ice extent has decreased in every season and in every successive 

decade since 1979. Owing to the melting of snow cover and increase in permafrost 

temperatures, the global mean sea level rose by 0.19 m over the period 1901 to 2010. The rate 

of sea level rise since the mid-19th century has been larger than the mean rate during the 

previous two millennia [37]. Fig. 9 shows the global trends regarding issues discussed above 

and it is high time humans understand these direct consequences of global warming. 

Acidification of the ocean is another adversity which needs immediate attention in order to 

safeguard the aquatic ecosystems. Since the beginning of the industrial era, oceanic uptake of 

CO2 has resulted in acidification of the ocean. The pH of ocean surface water has decreased by 

0.1, corresponding to a 26% increase in acidity, measured as hydrogen ion concentration. Thus, 

it is of primary importance to tackle the issue of global warming at the earliest and move 

towards a sustainable carbon neutral ecosystem. 
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Figure 9: global trends displaying the a) average temperature rise on land and ocean 

surface, b) average sea level rise and c) average GHG concentration increment [37]. 

c) Need for a sustainable renewable source 

       A clean renewable source of energy can help get rid of the fossil fuel depletion and the 

carbon emission problems, however it is extremely unlikely that one particular type of 

renewable energy will solve the world’s energy problems. To meet the terawatt challenge all 

renewables need to be exploited. Solar energy, being the most intense and prominent renewable 

energy source can be utilized and the developed technology can be optimized to meet the 

growing energy demands of the world. Solar energy has a potential of generating upto 23000 

TW/yr which is much higher than the current energy needs of the planet (18TW/yr). If a 

fraction of this quantity can be used to somehow convert the CO2 in the atmosphere into fuel 

then it could be an effective strategy to tackle both the problems of energy and global warming. 
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A promising route comes from the conversion of CO2 and water into fuel by a clean technology 

called artificial photocatalysis. As the name suggests, this process mimics the natural 

photosynthesis done by plants in presence of light, CO2 and H2O. There has been a growing 

research interest in the photochemical and photoelectrochemical reduction of CO2 in the past 

few decades. The possibility of producing fuels like methane, methanol and carbon monoxide 

along with chemicals like formic acid in solar photoelectrochemical cells using carbon dioxide 

and water has fascinated scientists all over the world [40,41]. Moreover, there is an active 

research field which use these CO2-derived substances in the development of fuel cells to 

generate electricity efficiently [42]. There are however many obstacles towards achieving the 

reality of CO2 reduction with good efficiency which include thermodynamic limits and kinetic 

challenges, fabricating a suitable catalyst and designing of a proper fuel cell. Currently, the 

multiple electron and proton transfers necessary to produce fuels such as methane or methanol 

have not been demonstrated with high efficiency. Carbon dioxide is shown to be reduced 

directly on metal surfaces [43], but the development of stable, efficient and cheap catalysts for 

CO2 reduction is still a less explored domain.  

        For success in CO2 reduction it is imperative that the technology developed is clean and 

doesn’t contribute to carbon emissions. Fuel cells with suitable semiconducting photocathodes 

in photoelectrochemical setup are one of the best solutions that are realised. Working on 

optimizing the catalysts for obtaining good efficiency in CO2 reduction with low overpotentials 

by electrochemical and photoelectrochemical methods is therefore a booming field. Upon 

attaining success, this research field has a great potential, since it could display the use of liquid 

fuels as energy carriers, overcoming the energy storage issue [44]. CO2 capture and storage are 

another possible strategies to fight global warming and move towards a cleaner environment.   

d) Hydrogen as a fuel and its production 

       Hydrogen, with its high gravimetric energy density, is another promising route for shifting 

the global energy industry towards renewable energy. Being the lightest element on earth, 

hydrogen, is industrially employed in many sectors like the production of chemicals, 

semiconductor manufacturing, generator cooling and fertilizer production. It can be stored for 

relatively long periods of time and is considered thermally more efficient than gasoline 

primarily because it burns better in air and permits the use of higher compression ratio. 

Moreover, hydrogen gas is a clean and non-toxic renewable fuel. When it burns, it releases 

only water vapour as the by-product to the environment. Given its high abundance in nature, 

less than 1% of the total hydrogen content is present as molecular gas. Most of the hydrogen 
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can be found concentrated in strongly bonded chemical compounds and so its production and 

extraction becomes difficult [45]. Currently, H2 is mainly produced by the steam reforming of 

natural gas, a process which emits massive amounts of greenhouse gases (CO2 and CO). Other 

H2 production methods like plasma reforming, coal/petroleum gasification and reforming of 

industrial off gases/oil refinery also proceed through emission of GHGs. Thus, it is important 

to implement cleaner routes for H2 production using least amount of energy to make the 

hydrogen energy cycle environmentally green. 

        In recent years, efforts have been made in developing new methods to generate H2 using 

sunlight thereby making the whole process renewable and sustainable. There are several ways 

for solar hydrogen production namely, electrochemical/photoelectrochemical water splitting, 

biomass reforming and water electrolysis using solar cell [46]. Amongst these, 

photoelectrochemical water splitting using semiconductor catalysts is one of the promising 

techniques for producing renewable H2 given the simple nature of the process along with no 

harmful gas emission and high conversion efficiency. H2 produced by this method is highly 

pure and can be stored for later use or transformed directly into electricity using fuel cells. 

      In this thesis, electrochemical water splitting is discussed which is a process where energy 

required for water splitting is supplied externally through electricity (in the case of 

photoelectrochemical water splitting, energy is supplied by sunlight). An electrochemical cell 

consists of two electrodes namely, anode and cathode, immersed in an electrolyte and 

connected by an external circuit. At least one of the two electrodes is a semiconductor catalyst 

and the other electrode is typically a metal. The redox reactions resulting in the production of 

H2 and O2 take place at the electrode-electrolyte interface. Fig. 10 displays a schematic 

representation of a simple electrochemical cell for production of O2 and H2 through water 

splitting. 

       The two half reactions occurring in the electrochemical cell at both the electrodes are 

summarized as follows: 

At Anode:                                      2H2O → 4𝐻+ +  𝑂2 + 4𝑒− 

At Cathode:                                        4𝐻+ + 4𝑒− → 2𝐻2  

      For the electrochemical cell to function effectively and drive these two half reactions, it is 

essential to develop efficient, stable, and economically viable hydrogen and oxygen evolution 

catalysts [47,48]. 
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Figure 10: A simple electrochemical cell for water splitting [49]. 

     Thus, the research field dedicated to optimizing and searching new materials as hydrogen 

and oxygen evolution electrocatalysts has gained tremendous interest. The electrocatalysts 

developed can be used to functionalize solar absorbers for use in a photoelectrochemical cell 

thus making the whole process renewable. The produced H2 being clean and pure is a very 

good source of producing electricity through fuel cells.  

e) Fuel cells 

       A fuel cell is an electrochemical cell which basically combines hydrogen and oxygen to 

produce electricity giving out water and heat as its by-product. Since the emissions are eco-

friendly, fuel cells are considered a promising technology for a sustainable economy. A typical 

combustion-based fossil fuel power plant operates at about 35% efficiency, while a fuel cell 

operates at about 40 to 60% efficiency to produce electricity which can be increased to 85% if 

waste heat is captured [50]. The noiseless operation with virtually no moving part make it even 

more appealing as a device for the future. Hydrogen fuel cells are likely to replace the internal 

combustion engine completely due to the green nature of the process along with its reliability. 

Lithium ion batteries that power laptops, cell phones and other electronic devices, deteriorate 

with time and use; whereas a fuel cell will continue to generate electricity as long as the fuel is 

supplied thereby having an infinite lifetime. The power generation process in a fuel cell is 

analogous to that of a battery, i.e. converting chemical energy to electrical energy. A typical 

fuel cell produces relatively small electrical potentials of about 0.7 V, hence, to produce a 
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significant amount of voltage, single fuel cells are stacked together to form a fuel cell-stack. A 

typical fuel cell consists of three sections namely; anode, cathode and electrolyte. There are 

various types of fuel cells available depending on the electrolyte used; each with its own 

advantages, limitations and potential applications. Fig 11 shows the schematic representation 

of a fuel cell. The basic principle remains the same for all the types, the fuel (H2 gas) is injected 

through the inlet which dissociates into ions and electrons at the anode. The electrons travel 

through the external circuit generating electricity whereas the ions pass through the electrolyte. 

Both the ions and electrons recombine at the cathode along with O2 giving out H2O as the by-

product. The applications of fuel cells are vast ranging from electronics, small scale industrial 

activities to transportation thereby making this technology widely accepted worldwide. 

 

Figure 11: A typical fuel cell schematic [51]. 
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Chapter 2:  Experimental techniques and Characterizations 

      Catalysts are substances that increase or decrease the rate of a chemical reaction without 

taking part in the reaction. In general, chemical reactions occur faster in presence of a catalyst 

because of the lower activation energy needed for the catalytic reactions to proceed. Catalysts 

are generally of two types; homogeneous (reactants and catalyst are in the same phase, usually 

liquid) or heterogeneous (where the reactants and catalysts are in separate phases). 

Heterogeneous catalysts are usually solids that act on substrates in a liquid or gaseous reaction 

mixture. Today’s needs for clean energy and better environment call for new advanced 

nanomaterials to catalyze the primary issues of energy and environment. Nanostructured 

catalyst coatings for electrochemical water splitting into hydrogen and oxygen are studied 

extensively. Powder and thin film catalysts fabrication with particular morphologies have 

gained a lot of interest for photocatalytic applications in degradation of organic pollutants in 

wastewater. This chapter explains the experimental methodology implemented to achieve 

sustainable catalysts in various forms (powders and thin film coatings). It discusses specifically 

the Pulsed Laser Deposition (PLD) technique and sol-gel method which were adopted for 

synthesis of catalyst coatings and powder catalysts in this thesis. The various characterization 

techniques used for understanding the material properties, morphologies and composition are 

also discussed in this section. 

2.1 Experimental techniques 

a) Sol-gel method 

     Sol-gel process has been extensively studied for fabrication of metal oxide nanostructures 

in the field of engineering and technological applications, especially metal oxides of silicon 

(Si) and titanium (Ti) due to the controlled shape and size exhibited by the obtained products. 

Several forms of materials such as thin films, nanoparticles, glass and ceramics can be achieved 

using sol-gel method in a cost-effective way [52]. Low temperature chemistry, high surface to 

volume ratio and reproducibility of obtained products are other advantages of using sol-gel 

method. Sol-gel process have opened up new avenues in bioengineering fields including drug 

delivery, organ implantation, pharmaceuticals and biomaterial synthesis due to the purity and 

quality of the yields from this process. These advantages have attracted researchers and 

industrialists to utilize this method widely for past few decades [53]. Sol-gel synthesis of metal 

oxides can be done at relatively low temperature compared to the solid-state reactions. In 
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general, sol-gel process involves formation of sol from homogeneously mixed solution, 

converting them into gel by polycondensation process and finally heat treating the product 

according to the material required [54]. The formation of crystalline materials such as 

nanoparticles or thin films and non-crystalline materials like ceramics, xerosol, aerosol and 

glasses depends upon the final heat treatment steps [55]. 

 

 

Figure 12: Schematic diagram of sol-gel technique [56] 

       The experimental set up consists of obtaining sol by either hydrolysis or polymerization 

reactions by adding suitable reagents in the precursor solution. The sol can be deposited onto 

preferred substrates as thin films using two techniques, namely spin coating and dip coating 

(Fig. 12). The gelation process done through condensation of the sol or addition of polymers 

converts this sol to gel. This gel can be used to form materials of different types such as 

nanoparticles, xerogel, glass or ceramics depending upon the further processing steps involved. 

Nanoparticles and xerogels can be obtained by simple evaporation of solvent. The obtained 

xerogel can be formed as ceramics by heat treatment and glassy nature can be induced by 

melting techniques [56]. Thus, sol-gel method can be used to obtain different forms of 

materials, controlled phase and shape and size of the derived materials [54]. The outcome of 

sol-gel method can be controlled by varying the parameters such as (1) concentration of 

precursor used, (2) nature of solvent used, (3) pH of the solution, (4) type of additives added 
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and their concentration, (5) pre and post heat treatment of the materials, (6) aging of the solution 

and (7) nature of polymer used for condensation [57]. The particles formed in gel matrix 

possess uniform shape and size that enhances the optical, electrical, magnetic and other 

intrinsic nature of the materials. Low cost, low temperature chemistry, simple experimental set 

up and highly controllable synthesis are the major advantages of this method over other 

synthesis procedure. The large surface to volume ratio of sol-gel-derived material makes it 

suitable for catalytic applications. Apart from this, low temperature chemistry ensures less 

defects to be induced in the materials formed. The purity and high quality yield with good 

physical properties makes researchers in biomedical and biotechnical field to adapt this method 

mostly for biomedical applications [58]. 

b) Pulsed Laser Deposition technique (PLD) 

      Pulsed Laser Deposition (PLD) is a widely used physical vapour deposition technique to 

fabricate multi-component stoichiometric films, based on the interaction between a high power 

laser beam and a target made up of the material to be deposited. The laser bean is directed 

towards the target with the help of appropriate optics and hits the target surface at an angle of 

45º. There are three types of thermodynamic processes that happen upon the laser-matter 

interaction namely; evaporation, normal boiling and phase explosion. The presence and the 

relevance of each one depend mainly on the heating rate and on the temperature of the target. 

The heating rate is strongly influenced by the laser energy density and by the pulse duration 

[59]. Evaporation describes the emission of target atoms due to the transition from the liquid 

or solid phase to the vapor phase whereas normal boiling happens when the boiling temperature 

is reached, creating bubbles with the heterogeneous nucleation (due to impurities and defects 

in the material) process which then escape from the liquid surface. Normal boiling is 

characterized by slow kinetics [59]. On the other hand, Phase explosion occurs when short 

pulses (ns/fs duration) and high energy density heat up the target material at a rate of ~1011-

1012 K/s and a temperature of about ~0.9Tc (critical temperature) is reached. Strong 

homogeneous nucleation occurs in a super-heated metastable liquid and just below the target 

surface. At about 0.9Tc vapor and liquid nanodroplets are ejected from the surface forming a 

plume of vapor and liquid droplets and eventually get deposited on the substrate as 

nanoparticles [59]. Phase explosion is thus extremely relevant for nanoparticles deposition and 

for achieving highly nanostructured thin films.  

     The ablated material forming the plasma plume moves in the forward direction normal to 

the target surface. The plasma plume by definition is composed of charged particles (electrons 
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and ions) and also neutral atoms. The collisions among these particles induce an anisotropic 

expansion that determines the plume shape and is influenced by the pressure present in the 

chamber. The vaporized material, containing neutrals, ions, electrons etc. in the plasma plume 

expand rapidly away from the target surface (velocities typically ~106cms-1 in vacuum). It is 

possible to use a so called reactive gas like O2, N2 which can react with the plume species in 

order to obtain the desired film stoichiometry, or to use an inert gas like argon to constrain the 

expansion of the plume and influence the deposition rate, spatial distribution, topology and 

microstructure of the thin film. The film growth occurs depending on the overall effect of all 

the deposition parameters including the laser fluence, deposition temperature, background gas 

and pressure etc. In this way NPs assembled coatings are obtained, which are very interesting 

for a variety of applications of which catalysis is a prominent one. This technique can be used 

to deposit compact as well as porous films, thin or thick.  

The PLD technique provides some important advantages: 

- High deposition rate  

- Large variety of materials can be ablated and deposited. 

- Good control of the stoichiometry by varying the deposition parameters. 

- Highly directed and confined plume, which minimizes the loss of the material (very important 

for expensive targets). 

- The deposition process can occur in an ambient/controlled atmosphere. 

- The process is very clean and hence suitable for applications which require high purity. 

 

Of course there are also some disadvantages: 

- PLD is a complex and expensive technique. 

- The profile of the plume is inhomogeneous and hence there is a lack of homogeneity in the 

deposited film. 

- The deposited films exhibit high roughness due to droplets and cluster deposition. This 

characteristic however can be an advantage in the catalytic applications. 

 

Experimental setup:  

      The apparatus for PLD was designed and realised by IdEA laboratory at University of 

Trento, Italy (Fig 13). Complete description of the PLD apparatus can be found in [60]. 

       An LPX220i Lambda Physik KrF excimer laser with a wavelength of 248 nm was used as 

the energy source, with a maximum pulse energy of 450 mJ, a repetition rate that can be varied 

from 1 Hz to 200 Hz with a maximum average power of 80W and nominal pulse duration of 
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20ns. The energy per pulse can be tuned by changing the pumping high voltage. During the 

operation, the system is water cooled in order to dissipate the intense heat produced. 

 

Figure 13: A schematic 3D view of the laser deposition apparatus [60].  

      The laser beam is directed and focused towards the target via an optical system consisting 

of a slit, mirror and lens. In front of the laser exit window a slit removes all the haloes of the 

beam and then deflects the beam by 90º with the help of a dielectric mirror. A 400 mm focal 

length lens focuses the beam on the target at an angle of 45º. This lens is mounted on a slide 

which permits to vary the position (of about ±15 cm) and consequently the laser fluence can 

also be varied. 

     Different films require different atmospheres and pressures for the deposition. Therefore it 

is necessary to use a vacuum system that permits a precise regulation of the atmosphere 

composition in the deposition chamber. The vacuum system of the used apparatus is composed 

of a coupled system of a rotary pump used and a turbomolecular pump. Before the depositions, 

the deposition chamber is kept at high vacuum, i.e. about 10-6 mbar, which prevents presence 

of impurities inside the chamber and on the substrate during the deposition. For obtaining high 

vacuum, the chamber is first brought in low vacuum state with the help of the rotary pump. 
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The chamber is then connected to the turbomolecular pump through a bypass valve till it 

reaches a pressure of 10-2 mbar. This is done to preserve the turbomolecular pump from high 

flux of air entering through the chamber and damaging the pump. The deposition chamber is 

then connected directly to the turbomolecular pump by opening the gate valve to maintain a 

pressure of 10-6 mbar in the chamber before deposition. Depending on the deposition 

conditions, the required gas is introduced into the chamber through a mass-flow meter which 

receives a feedback pressure signal from a capacitance-pressure transducer. The target is set in 

rotating during the deposition to avoid non-uniform ablation of the target material. 

2.2 Characterization techniques 

      Different characterization techniques were used for understanding the material 

composition, elemental analysis, crystallinity and film/particle morphology. This section 

discusses some of the techniques that were used during this thesis to characterize the produced 

materials namely: Scanning Electron Microscopy, micro-Raman analysis, X-Ray Diffraction 

and UV-Vis-NIR Spectroscopy.  

a) Scanning Electron Microscopy (SEM) 

     The scanning electron microscope is a powerful instrument that allows to investigate the 

microstructural characteristics of solid specimens like morphology, surface topography and 

composition in the micrometer or submicrometer range. It can reach a resolution of about 5-10 

Å under optimal conditions, much higher than that achievable with an optical microscope, 

which is limited by the wavelength of visible light at 0.1-0.2 mm. 

     This technique is based on the emission of an electron beam which passes through a 

focusing lens arrangement and impinges on the sample. The interaction between the constituent 

atoms and incident electrons produces a large variety of signals which in turn give information 

about the material composition and morphology. The electrons can be emitted in two ways: by 

thermionic effect (Tungsten cathode and Lanthanum Hexaboride cathode are the most common 

sources) or by field emission. 
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Figure 14: Schematic diagram of SEM [61]. 

       The generated electron beam is accelerated and focused on the specimen by a series of 

electromagnetic lenses and apertures, as shown in Fig. 14. This way the diameter of the beam 

spot is decreased and the electron beam is focused on a fine spot as small as 1 nm in diameter 

on the specimen surface. The deflection coils are the final lenses which deviate the beam in the 

x and y axes to scan in a raster fashion over a rectangular area of the sample surface. When the 

electron beam hits the sample, different signals are generated coming from different kinds of 

interactions. The three prominent signals studied are the emission of secondary electrons, the 

backscattered electrons and the characteristic X-ray (only if an X-ray detector is present). These 

three signals come from different depths of the sample, as shown in Fig. 15 carrying different 

information about the object under study. The secondary electrons (SE) are valence electrons 

emitted when an inelastic collision between the electrons of the beam and the electrons of the 

sample’s atoms takes place. They have low energies (5-10 eV) and so only the electrons 

produced near the surface can escape from the sample. For this reason SE bring information 

about the surface of the sample, in particular the material topography. The tilt angle between 

the incident beam and the sample surface influences the number of emitted secondary electrons. 

If the specimen inclination with respect to the electron beam increases, the interaction volume 
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increases and consequently the SE signal increases as well. In SEI (Secondary Electrons 

Imaging) this results in higher contrast for the surface topography. 

 

 

Figure 15: Interaction volumes for signals generated by SEM [62]. 

       Backscattered electrons (BSEs) are elastically scattered electrons by the nuclei of the 

atoms in the specimen. Being scattered elastically, BSE have high energies with respect to SE 

and come from a deeper region of the specimen. The larger interaction volume results in BSE 

mode having a lower resolution than SE mode. The number of BSEs increase with the atomic 

number Z of the atoms, so a material with a higher Z will appear brighter on the image than a 

material having a lower Z.  

      X-Rays are another type of signal arising from inelastic collisions and can be formed by 

two distinctly different mechanisms: Bremsstrahlung and fluorescence. In the first case, the 

electron beam experiences deceleration in the Coulombic field of the specimen atoms as a 

result of which there is a loss of energy by emission of x-rays. The resultant x-rays exhibit a 

continuum spectrum which are not useful for material’s analysis. In the second case, the beam 

electron interacts with a tightly bound inner-shell electron, ejecting the electron and leaving a 

vacancy which is fulfilled by an outer shell electron. The energy difference of the transition is 

a characteristic value and this excess energy can be released from the atom in one of two ways: 

1) Auger process, the difference in shell energies can be transmitted to another outershell 

electron, ejecting it from the atom as an electron with specific kinetic energy; 
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2) Characteristic x-ray process, the difference in energy is given out as electromagnetic 

radiation of characteristic value, in contrast to the bremsstrahlung process, which produces 

photons spanning an energy continuum. 

     Energy Dispersive Spectrometer (EDS) is used for measuring the energy of the 

characteristic x-rays and it provides information about the elemental composition of the sample 

and concentration of each element. 

b) Micro-Raman Spectroscopy 

      The Raman analysis is a spectroscopic technique based on the interaction between light and 

matter. The light (usually a laser) interacts with vibrational energy states of the 

atoms/molecules under study. For investigation of small areas of the specimen, the laser beam 

is usually passed through an optical microscope which reduces the area to be measured. This 

technique is generally referred to as micro-Raman. In a micro-Raman spectrometer, the light 

is reflected by an optical filter towards the microscope and the focused beam impinges on the 

specimen under study.  

      Raman spectroscopy deals with the interaction of light with the atoms/molecules of the 

specimen which can be either an elastic or an inelastic interaction. The former indicates that an 

incident photon is absorbed and emitted without any loss of kinetics energy. This is the pre-

dominant process and is known as Rayleigh scattering. The latter means that the 

absorbed/incident photon and the one emitted by the atom/molecule after the transition have 

different frequency. This is due to the fact that the atom/molecule does not return in the same 

stable state after the emission as before. If the final vibrational state of the molecule is more 

energetic than the initial state, the inelastically scattered photon will possess a lower frequency 

for the total energy of the system to remain balanced. This shift in frequency is designated as 

a Stokes shift (Fig. 16). On the contrary, if the final vibrational state is less energetic than the 

initial state, then the inelastically scattered photon will possess a higher frequency, which is 

designated as an anti-Stokes shift. 
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Figure 16: A schematic diagram explaining the Rayleigh and Raman scattering [62]. 

       This technique is used to identify the chemical bonding of different materials and provides 

information about the vibrational structures of the specimen, the crystallographic orientation 

of a sample along with many other applications in solid state physics.  

      A typical Raman spectroscopy technique consists of a monochromatic light (laser), 

illumination system, focusing lenses, an optical filter, detectors and computer control software. 

The laser beam is irradiated on the specimen and the scattered photons are filtered by a notch 

filter which block the elastically scattered photons and transmit the low intensity Raman 

scattered photons (around 0.001% of total intensity). The Raman scattered photons are 

dispersed by the grating followed by amplification and then detected by a CCD detector. To 

acquire a large spectrum of the scattered light the grating alignment is varied. The output signal 

is processed using a specific software to display the Raman spectra for the given specimen. 

Fig. 17 shows a schematic representation of Raman spectroscopy apparatus. 
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Figure 17: Raman spectroscopy apparatus schematic [63]. 

c) X-ray Diffraction (XRD) 

     The X-ray diffraction is a bulk characterization technique used to measure the average 

spacing between different crystalline planes, determine the orientation of a single crystal or 

grain, study the crystal structure of an unknown material and measure the size, shape and 

internal stress of small crystalline regions .Since the wavelength of x-rays is in the range of the 

distance between the atoms in a crystal lattice, a special interference phenomenon of diffraction 

can give information about the distance between the atoms. In fact X-ray wavelengths vary 

from about 10 nm to 0.001 nm. When an X-ray beam hits an atom, the electrons absorb the 

energy of the x-rays and oscillate around their mean positions. Since the energy is not sufficient 

enough for the electrons to be ejected from the atom, the electrons emit the energy in the form 

of x-rays. This process is called as elastic scattering. A generic crystal is composed by several 

ordered planes of atoms, so a lot of x-rays are emitted because of the interaction of each atom 

with the incoming x-ray beam. An interference pattern can be produced by the superposition 

of the emitted waves. This pattern depends on the wavelength and on the incident angle of the 

incoming beam. A positive or constructive interference occurs when the path difference 

between the two incident rays is equal to an integer multiple of the wavelength. This relation 

is called Bragg’s law and is represented as: 

n = 2dsin
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Figure 18: schematic explaining x-ray diffraction [64]. 

      Fig. 18 displays a schematic of X-ray diffraction through a crystal. A typical XRD pattern 

is obtained by varying the angle of incidence of the x-ray beam and measuring the intensity of 

the emitted radiation. A number of peaks are observed in the pattern corresponding to 

diffraction from different atomic planes of the material. By identifying the peaks in the 

diffraction pattern and comparing with the standard peaks for different crystalline materials it 

is possible to identify the phase of the material under study. 

     A typical X-ray diffractometer has three basic components: x-ray source, a sample stage 

and an x-ray detector (Fig. 19). The angle between the plane of the specimen and the incident 

x-ray beam is identified as  and called as Bragg angle. On the other hand, the angle between 

the detector and the projection of the source beam is identified as 2. The diffractometer 

geometry is therefore called as 2, or Bragg-Brentano geometry. The x-ray source is usually 

fixed and the specimen is moved by º/min while the detector measures the output radiation at 

2º/min with respect to the source path.  

      The most common x-ray radiation source is the Cu Kwith a known wavelength of  = 

1:5414 Å. 
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Figure 19: Block diagram of a typical x-ray diffractometer [65]. 

 

d) UV-VIS-NIR spectroscopy 

      The optical properties of materials can be studied through the Ultraviolet-Visible-Near 

Infrared spectroscopy, a non-destructive, economic and versatile technique based on the 

electronic transitions induced by the absorption of incident photons [66]. 

      The absorption spectroscopy is studied in UV (10-200 nm), near UV (200-380 nm), visible 

light (380-780 nm) and rarely near the IR spectrum (780-3300 nm). For our work, we study the 

absorption spectra in the range of 200-800nm, which is the wavelength range where electronic 

transitions due to absorption occur. For light beam incident on a target material along with 

absorption mechanisms, transmission and reflection also occur. 

     The absorption is possible only if the photons have the required energy for electrons to have 

transition from a lower energy level to a higher energy level. The absorption bands are very 

narrow and characteristic for each molecule. However, a real absorption spectrum shows 

broadened peaks, because of the superposition of vibrational and rotational energy levels of the 

molecule on the electronic energy levels [66]. 

      In case of molecules, the total energy is given by the sum of three contributions: 

Etotal = Eelectronic +Evibrational +Erotational 

      The transition between electronic states is caused by the absorption of visible-UV light (10-

700nm). The transition between the vibrational states is due to the absorption of infrared 

radiation (700nm-1mm) and the rotational states are typically promoted by microwave 

radiation (1mm-1m). 
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      When light passes through a sample, the amount of light absorbed is the difference between 

the incident radiation (Io) and the transmitted radiation (I). The amount of light absorbed is 

expressed as either transmittance or absorbance. Transmittance usually is given in terms of a 

fraction of 1 or as percentage and is defined as follows: 

T = I/I0 

Or 

%T = I/I0 * 100 

Absorbance is defined as the negative of log T and is written as, 

A = - logT  

Or 

                                                             A = log[I0/I]                                                      (1) 

The Beer-Lambert law states that the amount of light absorbed by the solution is directly 

proportional to the molar concentration of the absorbing species in the solution and the optical 

length of the solution: 

                                                               I = I0 e
-lC                                                         (2) 

where  is the molar absorption coefficient, l the optical length of the sample and C the 

concentration. Substituting eqn (2) in the definition of the absorbance (eqn 1), the Beer-

Lambert law becomes, 

A = lC 

      Knowing the thickness and the molar absorption coefficient of the sample under study, it 

is possible to obtain the concentration of the solute in the solution. 

      A typical UV-VIS-NIR spectrophotometer consists of a light source, a monochromator, a 

beam splitter, two holders (one for the sample and one for the reference), and two photodiode 

detectors (Fig. 20). Light from a source is focused onto a monochromator which separates the 

light emitted by the source into its component wavelengths. To achieve a constant light 

intensity over a wide spectrum, two sources are used: a deuterium arc lamp (for the UV region) 

and a tungsten-halogen lamp (for the visible range). The obtained monochromatic beam is then 

split into two beams by a beam splitter: this way the light from the source reaches both the 

sample and the reference. The light at the end of the two paths is collected by the two 

photodiode detectors and the ratio of the two beams is displayed. 
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Figure 20: schematic representation of a UV-VIS-NIR spectrophotometer [66]. 
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Chapter 3: Pulsed laser deposition of CoFe2O4/CoO hierarchical-

type nanostructured heterojuction forming a Z-scheme for 

efficient spatial separation of photoinduced electron-hole pairs 

and highly active surface area 

 

 

Preview:             Single oxide hierarchical/urchin structures of Fe and Co demonstrated excellent 

photocatalytic activity towards degradation of the organic pollutant Methylene 

Blue. In view of the enhanced activity, mixed metal oxide hierarchical coatings of 

CoFe2O4/CoO were synthesized by Pulsed Laser Deposition for application in dye 

degradation. The synthesized coatings degraded MB dye completely and exhibited 

superior photocatalytic activity compared to Fe2O3 and Co3O4 coatings. The role 

of morphology, optical properties and heterojunction between CoFe2O4 and CoO 

were studied through an in-depth characterization of the catalyst and photocatalytic 

measurements. 

                          My contribution to this work includes the synthesis of CoFe2O4/CoO coatings, 

performing photocatalytic measurements along with other characterizations, 

interpreting the data/results obtained and preparation of the manuscript for 

publication. 

 

 

The content of this chapter is adopted from; 

Y. Popat, M. Orlandi, N. Patel, R. Edla, N. Bazzanella, S. Gupta, M. Yadav, S. Pillai, M.K. 

Patel and A. Miotello, Applied Surface Science 489 (2019), 584-594. 

https://doi.org/10.1016/j.apsusc.2019.05.314 

© 2019 Elsevier B.V. All rights reserved. 

 

 

3.1 Introduction 

Recently, a tremendous amount of attention is gained by 3D-hierarchical nanostructures 

formed by 1D nanowires and/or 2D nanosheets due to the combination of unique properties of 

each nanostructure obtained in a single material. A wide range of applications in various fields 

https://doi.org/10.1016/j.apsusc.2019.05.314
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including nanoelectronics, catalysis, bio-medical, separations and sensors have been 

demonstrated by such hierarchical structures owing to their peculiar properties [67–69]. 

Specifically in photocatalysis these nanostructures not only provide high surface area but are 

also efficient in light trapping in the gap, formed between nanostructures, having dimension 

similar to the wavelength of light. Hierarchical structures of several semiconductor-based 

photocatalysts like TiO2 [70], ZnO [71], Fe2O3 [72] and WO3 [73] were realized in the past 

with improved photocatalytic activity towards water splitting, degradation of water pollutants, 

self-cleaning, and air purification. However, the major problem related to the intrinsic property 

of semiconductors, the recombination of photogenerated charge carriers, still need to be 

addressed in such nanostructures. Thus, focus has been diverted from single-component 

materials towards multicomponent based nanostructures. These multicomponent systems 

combine various semiconductors, metals, carbon and polymer to form heterojunction in the 

nanostructured morphology [74]. The heterojunction formed using multicomponent provides 

unique properties and multiple functionalities, which are not observed in single-component 

structures and can be used for a wide range of applications. p-n junctions formed between two 

different semiconductors in 1D heterojunction nanowires (NWs) are very useful for effective 

charge separation in photocatalytic reactions [75]. Metal-semiconductor heterojunctions are 

also well suited for such reactions.  Multicomponent heterojunctions have been successfully 

used in other fields like biosensors [76], nanoscale photodetectors [77], separation [78], gene 

delivery [79], and catalysis [80].  

Multicomponent based 3D-hierarchial nanostructures formed by low band gap metal 

oxides are an optimal solution for three major problems of photocatalysis reactions i.e. low 

absorption of visible light, electron-hole recombination processes, and low surface area 

[81,82]. A variety of nanostructured heterojunctions including core-shell, 0D-quantum dots 

over nanoparticles or nanowires or nanosheets, segment NWs, composite of 2D nanosheets etc. 

have been synthesized, to date, largely by chemical synthesis techniques. Though giving 

advantage of facile method, these routes are able to produce primarily powder-based systems 

having recycling and recovering issues for photocatalytic reaction along with instability of 

nanostructures which deteriorate with time. Therefore, physical deposition techniques, such as 

Pulsed Laser Deposition (PLD), are very versatile techniques to manufacture nanostructure-

based heterojunctions in form of coating stabilized on any substrate which will solve the issue 

for reusing.  

      In terms of photocatalytic materials, single metal oxides of Cobalt or Fe, like Fe2O3, Co3O4 
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and CoO have gained a lot of interest due to their natural abundance, non-toxic properties and 

enhanced visible light absorption compared to many other metal oxides along with good 

photocatalytic activity [83–92]. In our recent work, hierarchical 3D porous/urchin 

nanostructured Co3O4 and α-Fe2O3 coating with high photocatalytic activity towards 

degradation of Methlyene Blue (MB) dye was synthesized by pulsed laser deposition (PLD) 

[87]. Even though Co3O4 is the most stable oxide, CoO catalyst formed through non-

equilibrium process such as PLD and mechanical ball milling displays outstanding catalytic 

property [88]. Also, these coatings exhibit very good chemical and mechanical stability, which 

allowed them to be tested in a continuous-flow photoreactor coupled to a solar concentrator, 

for the treatment of real industrial wastewaters [93,94]. Lately more attention is given to ternary 

mixed metal oxides based on transition metals (Co, Ni, and Fe) such as cobalt ferrite (CoFe2O4) 

and nickel ferrite (NiFe2O4) with spinel structure for photocatalysis applications [95–97]. 

These oxides have lower bandgaps (1.2-1.4 eV) than single metal oxides and have the capacity 

to absorb light in the entire solar spectrum. Their magnetic nature also allows for easy recovery 

of photocatalyst [98]. However, neither Co nor Ni ferrite displayed the remarkable 

photocatalytic activity owing to the very rapid recombination of the photogenerated electron-

hole pair during the reaction. This problem can be mitigated by formation of heterojunctions 

by coupling two (or more) different materials leading to an increase in the charge separation 

and extends the range of visible light absorption due to involvement of two semiconductors of 

different band gap, thereby improving the photocatalytic response. Thus, the research works 

are now focused in forming interfaces between CoFe2O4 and single metal oxides or conductors, 

primarily due to the enhancement in visible light absorption and an improvement in 

photogenerated charge separation [99–104]. MoS2/CoFe2O4 nanocomposites fabricated by a 

simple hydrothermal method demonstrated good photocatalytic activity in degradation of RhB 

and congo red dyes [99]. Improved photoinduced charge separation, due to Z-scheme 

mechanism, and reduction in aggregation because of thin MoS2 sheets providing large active 

surface area, were the primary reasons for the enhanced photocatalytic activity. Nanocomposite 

of CoFe2O4 nanoparticles incorporated in urchin-like TiO2 microspheres synthesized as a smart 

material for recyclable photocatalysis reactions [100] showed superior photocatalytic activity 

in degradation of MB dye because of the reduction in recombination of photogenerated charge 

carriers. A CoFe2O4/g-C3N4 magnetically active nanocomposite synthesized by simple 

calcination method exhibited good photocatalytic activity towards degradation of MB dye 

[101]. Synergistic effect between CoFe2O4 and g-C3N4 led to the activation of H2O2 thereby 

enhancing the photocatalytic activity. Core-shell structured CoFe2O4 incorporated Ag3PO4 
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nanocomposites prepared by a precipitation approach demonstrated higher degradation 

efficiency towards MB and RhB dyes [102]. The heterojunction structure of Ag3PO4-CoFe2O4 

nanocomposite inhibited the recombination of electrons and holes, along with a reduction in 

the band gap. Amongst the solutions offered by current literature to improve photocatalysis 

performance, heterojunction-based Z-scheme designs are promising ones, along with 3D 

hierarchical nanostructuring. Even after these recent advances on CoFe2O4 and its 

nanocomposites, implementing these approaches on an industrial scale is still a challenge given 

the powder form of the catalyst and the need for separation of the catalyst from the system after 

use, although the latter has been mitigated by a separation method exploiting the magnetic 

nature of CoFe2O4 [101,103]. Immobilization of the photocatalyst as a coating supported on a 

substrate would be an ideal solution to avoid this problem. PLD is a very convenient technique 

in synthesizing such photocatalysts with fine control over the morphology and providing good 

adhesion with the substrate.  

 Given these premises, we report here on the fabrication of CoFe2O4/CoO coatings by PLD 

and forming a Z-scheme heterojunction design in 3D-hierarchical urchin-like nanostructures. 

The coatings prove to be highly efficient both in direct photocatalysis and in photo-Fenton 

reaction, with yields higher than similarly structured single-metal oxide counterparts (Co3O4 

and Fe2O3). This finding is discussed on the basis of the structural properties of the material 

and the role of the Z-scheme design and nanostructuring. 

3.2 Experimental 

3.2.1 Synthesis  

     Fe metallic (Alfa Aesar, 325 mesh), Co metallic (Alfa Aesar, 98.5%) and Boric acid (H3BO3, 

Sigma-Aldrich, >99.5%) powders were mixed in molar ratio of 1:1:1 and the prepared mixture 

was compressed in the form of a disc to be used as a target for the deposition of mixed oxide 

coatings by PLD. A KrF excimer laser (Lambda Physik) with an operating wavelength of 248 

nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used for deposition. The fluence 

of the laser was always maintained at 3 J/cm2 for ablation. The PLD apparatus details and the 

mechanisms involved in the laser matter interactions are presented in our past reports [84,105]. 

The PLD chamber was evacuated up to a base pressure of 10-6 mbar prior to all the depositions. 

Deposition of the coating was carried out in an Ar atmosphere at a pressure of 1.5 x 10-2 mbar. 

The target to substrate distance was fixed at 4.5cm with the substrate positioned parallel to the 

target. The coatings were deposited on Si and quartz (for characterization) and glass substrates 
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(for photocatalytic activity) maintained at room temperature. Thermal annealing of all the 

deposited coatings were carried out in air at 500 ºC, 600 ºC (all substrates) and 700ºC (quartz 

only) for 5 h with a heating rate of 5 ºC/min in order to obtain the hierarchical urchin-like 

structures of mixed metal oxides. 

3.2.2 Characterization 

     A Scanning Electron Microscope (SEM-FEG, JSM 7001F, JEOL) with 20keV electron 

beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET-

x3) was  used for examining the surface morphologies of all the samples prepared by PLD. 

Transmission Electron Microscopy (TEM) and High resolution TEM (HR-TEM) analyses were 

performed with a JEOL 2100F Cs-corrected analytical FEG TEM with an accelerating voltage 

of 200 kV equipped with an energy-dispersive X-ray spectrometer (EDS). Images were 

analyzed using Digital Micrograph software from Gatan. Copper grids (300 mesh) with Holy-

carbon film were used as substrate to prepare samples for TEM analysis. Structural 

characterization was performed using X-Ray Diffractometer (XRD) with Cu K radiation ( = 

1.5414 Å) in grazing angle mode with the incident angle of 1.5. Micro-Raman spectroscopy 

was performed using a Labram Aramis Jobin-Yvon Horiba -Raman system equipped with a 

He-Ne laser source (632nm). Absorption spectra were obtained with UV-VIS-NIR absorption 

spectrophotometer (Varian Cary 5000 UV-VIS-NIR absorption spectrophotometer). Surface 

composition and chemical states of each element present in the sample were analyzed with X-

ray Photoelectron Spectroscopy (XPS) using a PHI 5000 Versa Ⅱ instrument equipped with a 

monochromatic Al Kα (1486.6 eV) X-ray source and a hemispherical analyzer. Appropriate 

electrical charge compensation was required to perform the XPS analysis. XANES 

measurements of the coatings at Co and Fe L2, 3 edges were performed at the APE-HE beam 

line, in Elettra-Synchrotron, Trieste, Italy [106]. A total electron yield (TEY) detection system 

was used to collect spectra of the samples and a base pressure of 10-10 mbar was maintained 

during acquisition of spectra from the samples. 

3.2.3 Photocatalytic activity 

    The photocatalytic activity of the synthesized samples was evaluated by studying the 

degradation of model MB dye solutions in presence of H2O2 and light. 30ml of MB dye (10 

ppm) mixed with 1ml of H2O2 (1M), as an oxidizing agent, in an aqueous solution was used 

for degradation by photo-Fenton reaction. The catalyst coatings (prepared on glass slide of area 
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2.5 cm  7.5 cm) were dipped in the above prepared MB dye solution and kept in the dark for 

30 mins at constant stirring to establish adsorption equilibrium between the solution and the 

catalyst surface. After dark reading, a tungsten lamp (225W) emitting mostly visible light was 

used as the light source. 1ml of MB dye solution was collected after fixed intervals of time 

during the reaction to study the amount of degradation by measuring the UV-Vis absorption 

spectra and analyzing the characteristic peak of MB at 664 nm. All the photocatalysis 

experiments were performed at room temperature. CO2 evolution was followed in selected 

experiments by an IR sensor (COZIR Wide range 100 or COZIR Wide range 5) placed in 

proximity of the solution surface. Note that since the reactor is open, the measurement is not 

quantitative, but can only show a variation in the atmospheric level of CO2. 

3.3 Results and Discussion 

     The as-deposited (AD) coating as well as the coatings annealed at different temperatures in 

air were studied by SEM to get insights on the surface morphologies and the changes that occur 

upon annealing. The AD coating (Fig. 21a & 21b) deposited in Ar atmosphere displays 

particle-like morphology following a broad particle size distribution from tens of nanometer to 

few micrometer with a film thickness in the range of tens of micrometers. This film thickness 

is optimal and doesn’t affect the catalytic performance significantly as long as the whole 

substrate is covered by the material. Such morphology is expected owing to the phase explosion 

process taking place below the target surface which comes close to the thermodynamic critical 

temperature upon irradiating with high laser fluence and is independent of the film thickness. 

The particles constituting the coating surface are in core-shell structure where different contrast 

between core and shell suggests that the core is composed of heavier elements (Fe and Co) 

while the covering shell contains lighter elements (mainly B). Irrespective of particle size, the 

thickness of the shell is in the range of 200-300 nm. The topography of the particles completely 

changes upon annealing in air at 500 oC (Fig. 21c & 21d), 600 oC (Fig. 21e-21g) and 700 oC 

(Fig. 21h). At 500˚C, the shell starts to disintegrate leading to the formation of small nanowires 

(NWs) on the surface of the particles. This indicates initial development of the hierarchical 

nano-structure which on further annealing at 600˚C leads to complete transformation from 

spherical particulates to an urchin-like structure with vertically grown NWs from surface of the 

particulates (Fig. 21e & 21f). The length and diameter of the NWs varies from 0.5 to 1 µm and 

10-30 nm respectively. Another very important feature established from the image is that the 

surface coverage density of the NWs in urchin-like particle is very high. In addition to urchin-
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like particle, some particulates also transform into flower-like structure with nanosheets of 

thickness 20-25 nm and widths of 800-900 nm (Fig. 21g). Although there are only about 10% 

of such flower-like particulates, their contribution towards the catalytic activity cannot be 

neglected. On annealing at even higher temperature (700 °C) both the urchin density as well as 

the length of NW’s on the urchins increases (tens of micrometres) (Fig. 21h). The obtained 

morphology is in well agreement with our previous reports [87,107] on the PLD deposited 

hierarchical urchin-like Fe oxide as well as for Co oxides coatings where the growth 

mechanism is thoroughly discussed. 

 

 

 

(a) 

(e) 

(d) 

(b) 

(f) 

(c) 
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Figure 21: SEM images of as deposited coating (a & b) and that annealed at 500oC 

(c & d), 600°C (e,f &g) and 700°C (h) in air for 5 h. 

     The EDS measurement on the overall coating displays Fe/Co ratio of   ̴ 1.77 which is higher 

than that in the target used for deposition, with ratio of 1. This suggests the preferential ablation 

of Fe as compared to Co during the PLD deposition. Nevertheless, this ratio is quite different 

for particulates with urchin-like and flower-like nanostructuring that are formed after annealing 

at 600 ˚C in air for 5h. The magnified EDS mapping on urchin-like particles showed Fe/Co 

ratio of 0.33 while that for flower-like particles is about 50 (Fig. 22 and Table 1). This 

indicates that latter is composed of only Fe while former contains mixture of both metals with 

Co in dominating amount. 

 
 

 

Figure 22: SEM image of (A) urchin-like particle and (B) hierarchical particle with 2D nanosheet 

structure, observed on the surface of PLD deposited coating annealed at 600˚C in air for 5 h. 

      As majority of coating surface is covered (90%) with urchin-like particles, further 

investigations were mainly concentrated on the NWs using TEM. NWs emerging from the 

particulate having length from 100 to 700 nm with average thickness of 20-35 nm are clearly 

visible in TEM images (Fig. 23).  

(g) (h) 

(A) (B) 
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Source Fe/Co Atomic ratio 

  

SEM Image of Overall Film 1.77 ± 0.20 

SEM Image 22A (Urchin-like) 50.1 ± 0.50 

SEM Image 22B (Hierarchical) 0.33 ± 0.04 

TEM image of NWs (Fig. 24) 0.31 ± 0.03 

XPS spectra (Fig. 26) 1.06 ± 0.10 

 

Table 1: Fe/Co atomic ratio measured through SEM-EDS, TEM-EDS and XPS. 

 

 

 

Figure 23: TEM images of nanowires extruded from core in urchin structure. 
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Several sets of lattice planes are observed on magnifying the single NW in HRTEM image (Fig 

24a, 24b, 24d & 24e). A set of three d-spacing of 0.14, 0.21 and 0.29 nm are measured in Fig 

24b where 0.14 nm and 0.29 nm are ascribed to (044) and (022) planes of CoFe2O4 phase 

(JCPDS file: 22-1086) whereas d-spacing of 0.21nm is common to that of (002) planes of CoO 

phase (JCPDS file: 75-0533) as well as (004) plane of CoFe2O4 phase. Fast-Fourier Transform 

(FFT) (Fig. 24c) of this NW can be perfectly indexed to CoFe2O4 and CoO phases. Similarly, 

in another NW shown in Fig. 24d and 24e, the lattice plane spacings are measured as 0.24 nm 

and 0.48 nm. A d-spacing of 0.48 nm can be attributed to (111) planes of CoFe2O4 phase but 

the value of 0.24 nm is again common to (111) planes of CoO phase as well as (222) planes of 

CoFe2O4 phase.  FFT of this particular NW also confirms these phases (Fig. 24f). EDAX maps 

of individual NW were recorded to observe the distribution of various elements (lower panel 

of Fig. 24). Both Co and O are uniformly distributed throughout the wire, however, the 

distribution of Fe varies along the length. The Fe/Co ratio of about 0.31 measured on single 

NW is in good agreement with the composition of urchin-like particle obtained through EDS 

in SEM image. This implies that the concentration of Co is more in the NWs coming from a 

secondary Co phase i.e. CoO. Thus, it can be speculated that the phase of NWs is a mixture of 

CoFe2O4 and CoO phase. 
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Figure 24: TEM (a & d) and HRTEM (b & e) images of single nanowire of urchin 

stucture formed after annealing the coating at 600 oC for 5 h. The FFT converted 

electron diffraction patterns (c & f) could be indexed to CoFe2O4 and CoO phases 

present in this nanowire. Lower panel shows the elemental mapping for nanowires.  

 

     In order to further confirm the phases in the coatings with urchin-like particle, XRD was 

performed and reported in Fig. 25a. The XRD pattern was acquired with a glancing angle of 

1.5o to mainly investigate the crystallinity of the particulates on the coating surface. For AD 

coating, the peaks centered at 44.7o and 56.1o are assigned to Fe-B and Co-B phases 

respectively. On annealing at 500 oC, the peak at 56.1o completely disappears, while the 

intensity of peak at 44.7o decreases. In addition to these peaks, a small peak at 35.6o due to 

CoFe2O4 phase (JCPDF-22-1086) starts to appear.  This CoFe2O4 phase grows prominently at 

600 oC with distinct signals at 35.6o and 34.6o. A peak due to α-Fe2O3 is also visible at 33.1o at 

this temperature. All three peaks are also visible in coating annealed at 700˚C with higher 

intensity. The signal due to α-Fe2O3 is anticipated  to be generated from the flower-like 

hierarchical structure which contain only Fe as confirmed by EDS. Similar kind of α-Fe2O3 

based hierarchical structures are obtained upon deposition of Fe+H3BO3 coating by PLD and 

annealing at 600˚C in air as reported in our previous work [107]. On the other hand, the signal 

coming from CoFe2O4 is expected to appear from the urchin-like particles containing both Co 

and Fe elements which is also confirmed from HRTEM analysis. Although the crystalline 

phase of CoO is not detected in XRD pattern, its existence cannot be neglected considering the 

Fe/Co atomic ratio in the NWs. Thus to confirm the phases on the surface of the nanostructured 

particulates, Raman spectroscopy was performed. 

      The Raman spectra of AD coating and that annealed at 600˚C in air are reported in Fig. 

25b in the range of 150 to 800 cm-1 where signature vibrations due to metal oxides are located. 

O 

Co 

Fe 
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The broad nature of the peaks in AD coating indicate that metal oxides are mostly in an 

amorphous state. Upon annealing at 600˚C, the Raman vibration modes are intensified which 

is further deconvoluted into six peaks centered at 184, 290, 470, 534, 615 and 682 cm-1. The 

main peaks at 470 and 682 cm-1 are assigned to T1g and A1g mode of spinel CoFe2O4 phase as 

well as to Eg and A1g mode of CoO phase respectively [108,109]. Another intense peak at 615 

cm-1 is attributed to A1g mode of vibration of only spinel CoFe2O4 phase while the peaks at 184 

and 534 cm-1 are pertinent to F2g mode of CoO phase only. This confirms that the coating after 

annealing at 600˚C in air forms a composite of spinel type CoFe2O4 and CoO phase in an 

urchin-like structure. Nevertheless, the existence of small amount of α-Fe2O3 in flower-like 

structure is also observed with a low intensity peak at 290 cm-1 assigned to Eg mode of α-Fe2O3 

[110]. Confirmation of the oxides phase can also be carried out by identifying the oxidation 

state of Fe and Co and its location in the oxide structure using XPS and XANES.  

 

Figure 25: (a) XRD patterns of as deposited coating and, that annealed at 500˚C, 600˚C, and 

700˚C in air for 5 h. (b) Raman Spectra of as deposited coating and that annealed at 600˚C in 

air for 5 h. 

       Elements such as Co, Fe, B and O along with residual carbon are detected in the elemental 

survey scan of XPS. Focus scan of XPS spectra for Fe2p, Co2p, B1s and O1s level are shown in 

Fig. 26. In Fe2p level, two peaks attributed to 2p3/2 and 2p1/2 level are clearly visible in the 

spectra for all coatings. The deconvolution of 2p3/2 levels for AD coating displays two peaks at 

711.3 and 713.4 eV assigned to Fe3+ state in FeOOH and FeBO3 phase [111] respectively, with 

corresponding satellite peak at higher BE of 718 eV. Both these peaks are also visible for 
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coating annealed at 500˚C but with relatively lower intensity for Fe3+ of FeOOH phase. After 

annealing at 600˚C and 700˚C, the 2p3/2 level is again deconvoluted into two peaks but with 

different BE values centered at 710.6 and 712.8 eV due to contribution from Fe3+ ions located 

in octahedral sites and tetrahedral sites respectively, in spinel CoFe2O4 phase [112]. The shake 

peak at 718 eV for Fe3+ ions is distinctly evident in the annealed samples. The peak at 710.6 

eV is also characteristic of Fe3+ in α-Fe2O3 phase. No signal due to Fe2+ is detected in XPS 

spectra. Similar signals for Fe3+ at 725.5 eV and corresponding satellite peak at 730.4 eV are 

visible in 2p1/2 state. In Co 2p XPS spectra, the broad peak in 2p3/2 level is deconvoluted into 

two peaks, for AD and 500˚C annealed coatings, centred at 781.8 eV and 87.0 eV assigned to 

Co2+ state in Co(OH)2 and its corresponding satellite peak, respectively [86]. Upon annealing 

at 600 ˚C and 700 ˚C, three peaks are required to deconvolute the main peak, having BE of 

780.1, 781.4 eV and 786.2 eV. The first two peaks are ascribed to Co2+ ions in octahedral site 

and tetrahedral site of spinel CoFe2O4 [112]. The broad peak at 786.2 eV is the characteristic 

shake up peak of Co2+ cations in octahedral site. The peak at 780.1 eV also corresponds to Co2+ 

in CoO phase. Similar to the case of Fe2+, no sign of Co3+ is observed in the spectra. The core-

level spectrum of B 1s of AD coating is deconvoluted into three peaks cantered at 191.3 eV 

(40%), 192.6 eV (15%) and 193.8 eV (45%) which are attributed to B2O3, FeBO3 and H3BO3, 

respectively. After annealing at 500˚C, the peak of H3BO3 completely disappears leading to 

transformation into mostly FeBO3 having peak at 192.6 eV which is in majority (66%) as 

compared to B2O3 (34%) at 191.3 eV. Nevertheless, this ratio is exactly reversed upon 

annealing at 600 ˚C. The peak at 191.3 eV (64%) due to B2O3 results enhanced in comparison 

to FeBO3 peak (36%). The content of B2O3 (70%) on the surface further increases by small 

amount at annealing temperature of 700 ˚C. The spectra of O1s level is composed of two peaks 

at 530.7 eV and 532.1 eV assigned to FeOOH/Co(OH)2 and B2O3/H2BO3 species, respectively, 

for AD coating. Upon annealing at 500 ˚C, the peak position due to B2O3 remains as it is but 

the peak at lower BE shifts to 531.1 eV due to the contribution from FeBO3. The spectra of 

O1s level required three peaks for deconvolution of broad peak recorded for coatings annealed 

at 600 oC and 700 oC. The peaks such as 530.1 eV, 531.2 eV and 532.5 eV correspond to the 

O in metal oxides (CoFe2O4, CoO and α-Fe2O3), FeBO3 and B2O3 respectively. The content of 

B2O3 increases at highest annealed temperature of 700 oC as confirmed in B 1s spectra. The 

above XPS results evidently confirm that in AD coating, both the metals are in form of 

hydroxide (FeOOH and Co(OH)2) while boron is oxidized (B2O3) and small amount is bonded 

with Fe to form FeBO3. On the contrary, the hierarchical nanostructure formed after annealing 

at 600 oC mostly contains CoFe2O4, CoO and α- Fe2O3 along with B2O3. Most importantly, no 
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sign of either Fe2+ or Co3+ is identified through XPS, thus discarding the possibility of presence 

of other oxide phases, such as Fe3O4 and Co3O4, which is in line with XRD, HRTEM and 

Raman results. 

 

 

Figure 26: XPS Spectra of Co 2p, Fe 2p, B 1s, and O 1s level of as deposited coating 

and that annealed at 500˚C, 600˚C, and 700˚C in air for 5 h. 

      To gain more insights on the oxidation states and local geometry of Co and Fe, XANES 

analysis was carried on the AD coating and annealed coating at 600 oC in air (Fig.27). Fe L2,3 
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edge of AD coating displayed two peaks at 709.4 and 711.2 eV in L3 region with nearly equal 

intensity. The former peak arises due to the presence of Fe3+ cation located at tetrahedral site 

specifically as reported for the FeOOH species [113] while latter peak arises due to Fe3+ 

positioned in octahedral site. On annealing at 600 oC, the peak at 709.4 reduces but it is still 

present in the form of a distinct shoulder of the peak 711.2 eV whose intensity remains 

unchanged.  The spectra matches perfectly with that reported for spinel cobalt ferrite where 

Fe3+ cations are present at both octahedral and tetrahedral sites [114]. Similarly for Co L2,3 

edge, the L3 region contains a main peak composed of two peaks at 780.3 eV and 781.4 eV 

pertinent to Co2+ cations located at tetrahedral and octahedral site for AD coating [114]. The 

intensity of both these peaks are maintained for the coating annealed at 600 oC. A very small 

shoulder at 778.6 eV arising from Co3+ state is detected for both the coatings. The formation 

of Co3+ is supposed to be due to long exposure of samples in air before the measurement which 

might convert small amount of Co2+ to Co3+.  The XANES results likewise confirms that Fe 

and Co are present mostly in Fe3+ and Co2+ state after annealing at 600 oC leading to the 

formation of CoFe2O4 phase in majority, along with CoO and α-Fe2O3 phases which again 

match well with the XPS, Raman, XRD and HRTEM results. 

  

Figure 27: XANES Spectra at (a) Fe L2,3 edge (b) Co L2,3 edge, of as deposited 

coating and that annealed at 600˚C in air for 5 h. 
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    The mechanism involved in the formation of urchin-like and flower-like hierarchical 

particles comprising Co and Fe oxide, respectively, is explained in detail in our previous work 

on single metal oxide [87,107]. Here, in mixed oxide, the composition and crystal phases 

involved during the formation of these hierarchical structures is briefly clarified on the basis 

of the characterization results obtained above. During PLD, the high laser fluence is mainly 

responsible for phase explosion process occurring just below the target surface which leads to 

the deposition of particulates of wide range of sizes in the AD coating. These particulates are 

in the form of core-shell structure, as observed in SEM images, with heavy elements such as 

Fe and Co forming the core which is covered by light elements such as B and O bonded with 

Fe and Co. XPS and XANES show the presence of only B2O3, FeBO3, FeOOH and Co(OH)2 

on the surface of AD coating. During annealing, mechanical stress is generated between the 

core and shell due to the large difference between thermal expansion coefficient of metals and 

metal oxides, borides and hydroxides. In order to release this stress, the shell starts to 

disintegrate leading to the emerging of core metal in form of NWs on the surface of particulates 

at 500 ˚C. On further annealing to 600 ˚C and 700 ˚C, these NWs grow in length to further 

release the stress. The NWs are composed of mixed phases of CoFe2O4 and CoO, formed by 

metal reacting with O2 in air, as confirmed by the results of XPS, XANES, Raman, XRD, 

HRTEM and EDS. As there is a preferential ablation of Fe, some core-shell particulates contain 

only Fe core with Fe-B-O shell. Indeed these specific particulates release stress to form flower-

like hierarchal structure having α-Fe2O3. Such nano-structure formation is consistent with that 

obtained for the coating prepared by PLD using Fe and H3BO3 as target and annealed in air for 

600 ˚C [107].  However, majority of hierarchal particulates are composed of urchin-like 

structure having NWs of mixed oxides of CoFe2O4 and CoO. 

      As the present synthesized mixed oxide urchin-like coatings will be applied for 

photocatalysis application, it is mandatory to investigate their optical properties. UV-vis 

spectra acquired in transmission mode is presented in Fig. 28a for coating annealed at 600 ˚C 

where urchin structure is well developed. The catalyst coating seems to be active in absorbing 

visible light in the range from 300 to 800 nm. However, CoFe2O4 and CoO are the major phases 

present in the urchin structure as confirmed by above results, where the former is an indirect 

band gap semiconductor with value of  ̴ 1.2 eV [115,116] and the latter has a direct band gap 

of  ̴ 2.4 eV [117].  Thus, the Tauc representation was plotted for analysis of both indirect as 

well as direct transitions in Fig. 28b. The energy gap value of 1.35 eV and 2.37 eV was 

measured for indirect and direct transition, respectively. These values are very close to that 

reported for the band gap of CoFe2O4 and CoO, respectively, thus again confirming the 
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presence of both these phases in the urchin-like nanostructure. Most decisively, this mixed 

oxide urchin-like coating seems to be very efficient in absorbing visible light.  

 

Figure 28: (a) UV-Vis absorbance spectra of the PLD deposited coating annealed at 600˚C 

in air for 5 h, and corresponding (b) Tauc plot to determine direct and indirect band-gap. 

     The effectiveness of the synthesized mixed metal oxide urchin-like hierarchical 

nanostructure by PLD as a photocatalyst was studied by using it for degradation of model MB 

dye through a photo-Fenton reaction involving H2O2. The variation in the MB dye 

concentration as a function of irradiation time was measured by monitoring the variation in the 

characteristic absorption peak at 664 nm. Adsorption is the major prerequisite condition for 

any heterogeneous catalytic reaction, thus all the catalyst coatings were kept stirring in the dye 

solution under dark for 30 min. The role of light, H2O2 and catalyst, in catalytic degradation 

was first verified by performing the separate degradation of MB dye, (1) in presence of light 

only, (2) with added H2O2 and light, (3) with coating annealed at 600˚C and light, and (4) 

combination of all three (H2O2, light and catalyst). The degradation results are presented in 

Fig. 29a. In 60 mins, the degradation of MB dye in light is only 19% which increases to 28% 

after inclusion of H2O2. Finally adding urchin-like mixed oxide coatings along with H2O2 and 

light the degradation reaction is almost completed in 60 mins. This indicates that the catalyst 

coating follows photo-Fenton reaction by generation of OH• radicals by dissociation of H2O2. 

Most importantly, the catalyst coating is also able to degrade 47% of MB dye in absence of 

H2O2. This suggests that the mixed oxide catalyst coating also works as a pure photocatalyst 

which might be able to generate hydroxide radicals from adsorbed H2O on the surface. 
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Although the involvement of H2O2 is very useful, the catalyst coating can however also be 

utilized without H2O2.  

     It is of paramount importance to understand the impact of mixed oxides phases (CoFe2O4 

and CoO) in urchin structure on the photocatalytic activity. Thus the performance of 

photocatalytic degradation of MB dye with single oxide of Co3O4 urchin-like and α-Fe2O3 

flower-like hierarchical nanostructure prepared by same technique is compared with that of 

mixed oxides urchin-like coating prepared in the present case (Fig. 29b). The complete analysis 

on morphology, structure, composition, phases and chemical states of single oxide coatings 

prepared with PLD having mainly identical hierarchical structure is reported and discussed in 

our previous work [87,107]. In all experiments the weight of the catalyst was constant and the 

irradiated geometric area was maintained around 2.5 cm × 7.5 cm respectively. As observed 

from Fig. 29b, CoFe2O4 /CoO mixed oxide urchin-like coating was able to achieve almost 

complete degradation (97%) of MB dye in just 60 mins which is half of the time required by 

α-Fe2O3 (120 mins) and less than half time required by Co3O4 (150mins) urchin-like coatings. 

This evidently proves a significant improvement in photocatalytic activity for the mixed metal 

oxide coatings achieved by synergic effect created by the heterojunction between CoO and 

CoFe2O4, lower bandgap of CoFe2O4 and high surface area obtained in urchin-like structure. 

The smaller bandgap will improve visible light absorption leading to generation of large 

number of electron-hole pairs which will be separated at the heterojunction formed at the 

interface of CoO and CoFe2O4 to reduce the recombination problem. On the other hand, the 

number of exposed active sites will be enhanced by the high surface area in the urchin-like 

particle. Although the combination of these three features seems to be very effective in 

enhancing the photocatalytic activity, it is very essential to evaluate the contribution of each 

one of these features towards efficient degradation reaction. 
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Figure 29: (a) Percentage degradation of MB dye after 60 mins in presence of  PLD despoited 

coating annealed at 600 oC, H2O2 and visible light. (b) Comparison of performance for Co3O4 

urchin-like, α-Fe2O3 hierarchical-like, and CoFe2O4/CoO urchin-like coatings deposited by PLD 

and annealed in air at 600 oC, for degradation of MB dye in presence of H2O2 and visible light. 

     To investigate the effect of urchin-like structure, the photocatalytic degradation of MB in 

presence of H2O2 was investigated for the mixed-oxide AD coating and for that annealed at 

different temperatures of 400˚C, 500˚C, 600˚C and 700˚C in air for 5 h (Fig. 30a). Except for 

coating annealed at 600˚C, all the other coatings showed comparable activity with the catalyst 

annealed at 700˚C displaying the worst activity. AD coating was able to degrade only 53% in 

150 mins mainly due to lack of any urchin-like particle and the required phase on the surface. 

With annealing at 400 and 500˚C, the coating shows slight improvement in photocatalytic 

activity (60% and 64% degraded in 150 min respectively)  which is attributed to the start of  

formation of urchin-like particle having NWs of very short length as confirmed by SEM image 

(Fig. 21d). Only when the urchin with well-developed NWs are formed at 600˚C, it illustrates 

high photocatalytic degradation of about 97% in just 60 mins. This definitely highlights the 

role of urchin-like nanostructure providing the large number of active sites obtained through 

high surface area. The coatings annealed at 700˚C showed very poor adhesion to the substrate, 

when immersed into the dye solution that indeed caused the peeling of coating in the solution. 

It is suspected that at this temperature the length of NWs are large thus causing the lifting of 

urchin-like particulates from the coating surface. These loosely bond particulates are expected 

to be removed during the catalytic reaction, hence delaying the reaction time. However, the 
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degradation rate attained with 600˚C annealed coating confirms the important role of urchin-

like hierarchical structure in enhancing the MB dye degradation. 

 

Figure 30: Time dependent degradation ratio of MB dye solution in presence H2O2, and 

visible light (a) using mixed-oxide coatings, as deposited by PLD and that annealed at 

various temperatures 400 oC, 500 oC, 600 oC and 700 oC in air for 5 h and (b) using catalyst 

coating annealed at 600 oC in presence of isopropanol (IPA) of different molar ratio. 

      To explore the formation of heterojunction and its effect on photocatalytic activity, it is 

necessary to investigate the band edge of both CoFe2O4 and CoO. The band edge of conduction 

band (CB) and valence band (VB) reported for CoFe2O4 in past literature [118] is located at 

+0.16 eV and +1.44 eV respectively, having band gap of 1.2 eV. For CoO with band gap of 2.4 

eV, the CB and VB are located at +0.9 eV and +3.3 eV respectively [88]. The schematic 

diagram in Fig. 31 shows the band edge position of CoFe2O4 and CoO along with the redox 

potential for O2
• radical (O2/O2

•) and OH• radical (OH-/OH•) formation at -0.13 eV and +2.4 

eV, respectively. Considering the band position of both the semiconductors and the fact that 

both are p-type semiconductors it will not form p-n type II junction. Rather it will form a z-

scheme junction which is only formed in p-p or n-n type semiconductor because the 

combination of p and n-type semiconductor will create space charge region to inhibit the charge 

carrier Z-scheme migration [119]. Thus, during light irradiation, the band gap of CoFe2O4 and 

CoO permits both the semiconductors to absorb visible light to produce electron-hole pairs. 

The excited electrons from CoO will combine with holes of CoFe2O4 to spatially separate the 

electrons in CoFe2O4 and holes in CoO which further take part in photocatalysis reaction. As 

the redox potential of O2/O2
• (-0.13 eV) is more negative than the CB edge of CoFe2O4, all the 
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electrons formed during excitation of CoFe2O4 will be utilized to activate H2O2, which is a 

well-known electron acceptor, to form OH• radical. Alternatively, the VB edge of CoO is more 

positive than the redox potentials of OH-/OH• formation (2.4 eV), thus the hole accumulated 

on CoO will participate in formation of OH• radical from the absorbed OH- ion. According to 

proposed mechanism, OH• radical is the only active radical that will be formed to oxidize the 

MB dye. To confirm this, the scavenger of OH• radical in form of isopropanol (IPA) was 

introduced during the reaction with different IPA/H2O2 molar ratios (1, 2 and 4) (Fig. 30b). 

For 60 mins, the amount of MB degradation reduces to 75%, 52% and 25% for IPA/H2O2 molar 

ratio of 1, 2 and 4 respectively. At highest concentration of IPA, the catalytic activity drastically 

decreases and the obtained amount of degradation is similar to that achieved with MB + light 

after 60 mins. For each H2O2 molecule two OH• radicals are generated, thus at IPA/H2O2 ratio 

of 2, it is expected to be enough to completely stop the reaction because all OH• produced from 

H2O2 will be scavenged by IPA. Yet this is not the case and the degradation amount (52 %) is 

decreased by half in 60 mins. This value is consistent with that achieved with using only 

catalyst and light without H2O2 (47 %) (Fig. 29a). The observation through this OH• scavenging 

experiment clarifies two phenomena: 1) OH• is the only active radical formed and is responsible 

for the degradation of MB and 2) OH• radicals are not only  formed by H2O2 activation but also 

by oxidation of OH- ions coming from water molecules adsorbed on the catalyst surface. This 

proves our hypothesis that CoFe2O4 and CoO forms a Z-scheme type heterojunction to reduce 

the recombination of electron-hole pair to produce OH• radicals not only in presence of H2O2 

by photo-Fenton reaction but also by the oxidation of OH- ions to induce direct photocatalysis 

in the absence of H2O2. The attained direct photocatalysis due to formation of Z-scheme 

heterojunction between CoFe2O4 and CoO was also confirmed by comparing with the results 

of single oxide Co3O4 urchin-like and α-Fe2O3 flower-like coatings tested without H2O2. The 

degradation of only 15-20% was achieved after 60 mins, thus suggesting that single oxide 

Co3O4 and α-Fe2O3 are active only in presence of H2O2 where the photo-Fenton type reaction 

takes place [87,107]. This verifies that formation of Z-scheme heterojunction is mostly 

accountable for higher photocatalytic activity in mixed oxide in comparison to single oxide 

urchin-like coating. In addition to the improved photogenerated charge separation at the 

heterojunction, the higher amount of visible light absorption owing to lower bandgap of 

CoFe2O4 will also contribute in enhancing the photocatalytic activity of mixed oxide urchin-

like coatings, though contribution due to this is difficult to quantify. 
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Figure 31: Schematic diagram of z-scheme junction between CoO 

and CoFe2O4 p-type semiconductors. 

       To investigate the mineralization of MB dye to H2O and CO2, the photocatalytic activity 

of the 600oC annealed coating was also done with the CO2 sensor mounted on top of the 

reaction vessel. The sensor was able to measure the CO2 generated from the photocatalytic 

reaction revealing an increase in the CO2 level (measured in ppm) as soon as light is irradiated 

on the catalyst surface (Fig. 32) thereby giving the direct proof of MB degradation with CO2 

as the by-product.  
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Figure 32: CO2 evolution during MB degradation by CoFe2O4/CoO urchin-like coatings 

deposited by PLD and annealed in air at 600 ºC, in presence of H2O2 and visible light. 

3.4 Conclusion 

        Hierarchical urchin-like structures of mixed-metal oxides were successfully obtained as 

coatings by PLD. An in-depth structural characterization revealed CoFe2O4 and CoO as the 

main components, leading to the formation of heterojunctions. CoFe2O4/CoO shows 

remarkable photoactivity towards degradation of the organic pollutant, accompanied by CO2 

evolution indicating (qualitatively) conversion to inorganic carbon. Almost total degradation 

(97%) is obtained by CoFe2O4/CoO in half the time with respect to comparable single-metal 

oxides (60 min. compared with 120 min. for α-Fe2O3 and 150 min. for Co3O4). The enhanced 

photocatalysis performance is attributed to both the urchin-like structure, resulting in a large 

surface-area increase, and the formation of a Z-scheme heterojunction between CoFe2O4 and 

CoO. The latter not only improves charge-separation by spatial separation of photogenerated 

electron-hole couples, but also activates a direct photocatalysis route for the degradation 

reaction. Indeed, while the single-metal oxides show only photo-Fenton activity, CoFe2O4/CoO 

is considerably active (47% degradation in 60 min.) also in absence of H2O2. These findings 

prove that hierarchical nanostructuring and especially Z-scheme designs are very powerful 

tools to enhance the photocatalysis performance of materials. Their application here on 

immobilized photocatalysts, which can be easily recovered and used again, is particularly 

important from an industrial perspective. Additionally, both materials (Fe, Co and B) and 

fabrication method (PLD) employed are easily scalable, bringing the photocatalysis technology 

a step-further towards industrial application. In principle, this technique can be also extended 

to synthesis of all the ferrites possible in existence as long as the precursors in the form of 

metallic powders are available. 
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Chapter 4: Tungsten-doped TiO2/reduced Graphene Oxide nano-

composite photocatalyst for degradation of phenol: A system to 

reduce surface and bulk electron-hole recombination 

 

Preview:        One of the major issues TiO2 faces as a photocatalyst is the high bulk and surface    

recombination of photo-excited charges. To tackle this problem, a combined strategy 

was adopted by doping TiO2 with tungsten and forming a nanocomposite with 

reduced graphene oxide (rGO). Tungsten doped TiO2/reduced graphene oxide (rGO) 

nanocomposite photocatalysts were synthesized and tested for para-Nitrophenol (p-

NP) degradation. The synthesized photocatalyst exhibited good photocatalytic 

activity in degradation of organic pollutant p-NP with superior activity compared to 

rGO/TiO2, TiO2 and W-TiO2 respectively. The effect of doping and composite 

formation on the activity of the photocatalyst was investigated in detail. 

                        My contribution to this work includes the synthesis of GO, TiO2 and rGO/TiO2 

composites along with the study of their optical properties with UV-Vis-NIR 

spectroscopy. I also performed the photocatalytic measurements for GO, TiO2 and 

rGO/TiO2 samples along with data plotting and interpretation. 

 

 

The content of this chapter is adopted from; 

Manisha Yadav, Asha Yadav, Rohan Fernandes, Yaksh Popat, Michele Orlandi, Alpa Dashora, 

D.C. Kothari, Antonio Miotello, B.L. Ahuja and Nainesh Patel, Journal of Environmental 

Management 203 (2017), 364-374. 
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4.1 Introduction 

      TiO2 has been widely used by many researchers for photocatalysis based applications due 

to its well-known properties such as non-toxicity, chemical stability, high oxidative power, 

abundance and low cost [120,121]. However, TiO2 is a wide bandgap material absorbing only 

UV light of the solar spectrum. Further, the instantaneous recombination of photogenerated 

https://doi.org/10.1016/j.jenvman.2017.08.010
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electrons with holes in TiO2 affects its catalytic activity. These are the two major drawbacks 

of TiO2 photocatalysts. Therefore, much research has been focused on band-gap engineering 

to extend TiO2 absorption in the visible region. However, it is necessary that a photocatalyst 

material should not only be able to generate the electron-hole pair under visible light, but at the 

same time the photogenerated electrons should reach the surface active sites before 

recombination with the hole in the valence band. In this regards, many strategies have been 

proposed and implemented, such as doping with metals/non-metals [122–125], loading of 

noble metal nanoparticles (NPs) [126], sensitizing with dye molecules and combining with 

other semiconductors [127]. Recently, W-doped TiO2 is gaining interest because of its high 

catalytic activity and surface acidity [128–137][138]. Doping TiO2 with high valence cations 

like tungsten (W6+) modifies the electronic structure of TiO2, introducing energy levels just 

below the conduction band [139]. Thus it can act as an electron trap and can help in increasing 

the lifetime of charge carriers in the excited state. 

        However, W doping is only able to reduce the recombination in the bulk of TiO2; whereas, 

the defects which are present on the surface of TiO2 act as recombination centers. Thus, surface 

recombination should also be taken into consideration to enhance the photocatalytic activity by 

utilizing the maximum number of charge carriers in separated form. Different strategies were 

employed in order to enhance the transport of charge carriers such as coupling them with a 

noble metal [140], another semiconductor [141] or carbonaceous materials [142]. Among 

these, carbonaceous materials such as activated carbon, CNTs, fullerene and graphene are the 

most promising because of their high charge carrier mobility and large surface area. Studies 

have shown that there are several drawbacks with TiO2- CNT and TiO2-fullerene composites 

such as reduced light intensity reaching the surface of the catalyst, insolubility of CNT in 

common solvent and polydispersity in CNT length and diameter [143]. On the other hand, 

graphene and its derivatives, Graphene Oxide (GO) and reduced Graphene Oxide (rGO), serve 

as excellent support materials having large surface area, improved mobility of charge carriers, 

high thermal conductivity and good chemical stability [144]. rGO as compared to graphene is 

hydrophilic due to the existence of oxygen atoms bound to the carbon scaffold that makes it 

easily dispersible in water [145]. In addition, rGO contains both aromatic (sp2) and aliphatic 

(sp3) domains which further expand the types of interaction that can occur with the surface 

[145]. It is reported that coupling TiO2 with rGO enhances the catalytic activity by transferring 

the electrons from TiO2 to rGO which suppresses the recombination of photo-generated 

electrons and holes [146–148]. Most importantly, electron transfer from TiO2 to rGO is faster 

than electron-hole recombination on the surface defect. Therefore, we employ combined 
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strategy to modify TiO2 to reduce the comprehensive recombination of charge carriers (on the 

surface as well as in the bulk) to enhance its photocatalytic activity. 

        Herein, we synthesize rGO/W-doped TiO2 composite for the first time, to the best of our 

knowledge. W-doped TiO2 was synthesized by sol-gel method and reduction of GO was carried 

out with the help of TiO2 in UV light. TiO2 with different concentration of W was synthesized 

to optimize W content. The ratio of GO with respect to TiO2 was also varied to determine the 

optimized concentration of GO with TiO2 to enhance its activity. The efficiency of the 

composite was evaluated by degrading an organic pollutant (p-nitrophenol) in the presence of 

light. The role of rGO in separating the charge carriers was studied with the help of time 

resolved photoluminescence. 

 

4.2 Experimental methods 

4.2.1 Synthesis of TiO2 and W-doped TiO2 

     Titanium (IV) n-butoxide (Ti(OC4H9)4) and Sodium tungstate dihydrate (Na2WO4.2H2O) 

were used as precursors for TiO2 synthesis and W doping, respectively. A sol-gel method was 

used to prepare TiO2 and W-doped TiO2 photocatalyst. Briefly, undoped TiO2 was prepared by 

mixing Ti(OC4H9)4 with ethanol and stirred for 1 h. A solution of H2O, ethanol and HNO3 

(catalyst) was stirred for 1 h separately for homogeneous mixing and it was gradually added to 

the Ti precursor solution. The resultant solution was further stirred for 2 h to obtain a 

homogeneous solution. The molar ratio of Ti(OC4H9)4/H2O/ethanol/HNO3 was kept constant 

at 1/30/20/0.1. To synthesize W-doped TiO2, sodium tungstate was mixed with the acidic 

solution before addition of the Ti precursor solution. The resulting solution was kept for 

gelation overnight at room temperature. After 24 h the final solution was washed with water 

and ethanol several times and kept for drying at 120 ºC for 3 h to remove excess solvent. The 

powder was then calcined in air at 400 ºC for 2 h. Five different concentrations of W (0.1, 0.25, 

0.5, 1 and 3 at. %) were used to synthesize W-doped TiO2 in order to investigate the role of W 

dopant. 

4.2.2 Preparation of GO, TiO2/GO and W-TiO2/GO composites 

      Graphene oxide was synthesized by a modified Hummer's method as reported by 

Kalambate et al. [149]. In a typical synthesis, the commercially available graphite powder was 

exfoliated using H2SO4 and oxidized to graphite oxide by reaction with strong oxidants such 

as KMnO4 and NaNO3. The reaction was then terminated with H2O2. The resultant suspension 
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of graphite oxide was filtered and washed with HCl and distilled water several times and finally 

with ethanol. The obtained product was dried in vacuum. Graphite oxide was then converted 

into graphene oxide by dispersing in distilled water and sonicating for 1 h.  

      To prepare rGO/TiO2 composites, separate aqueous solutions of GO and TiO2 powder were 

sonicated for 1 h. The suspension of GO was added to the TiO2 suspension and again stirred 

for 1 h for homogeneous mixing. The resulting solution was kept under UV irradiation with 

constant stirring for 24 h. Under UV light irradiation electron-hole pairs are produced in 

conduction band and valence band of TiO2 respectively. These electrons are able to reduce the 

hydroxyl group, epoxy group and carboxylic functional group on the surface of GO sheet. As 

a result, GO is converted to rGO sheets, which is also confirmed from the color change from 

brown to black. rGO/W-TiO2 composite was also prepared as described above except that W 

TiO2 was used instead of TiO2. Composites of different weight ratio of GO and TiO2 were 

synthesized in order to obtain the optimized concentration for component interaction. 

4.2.3 Characterization techniques 

      The structural characterization of all samples was carried out by X-ray Diffraction (XRD) 

(Rigaku ultima IV) using Cu K radiation ( 1.5414 Å). The optical band gap of all the 

photocatalysts was determined by using a UV-Vis-NIR spectrophotometer (Cary) in diffuse 

reflectance mode in the range of 200-800 nm. The surface morphology of the samples was 

determined by using scanning electron microscope (SEM-FEG, JSM 7001F, JEOL). Bright 

field, high resolution transmission electron microscope (HR-TEM) images and selected area 

electron diffraction (SAED) pattern were recorded using a FEG-TEM 300 kV system (Tecnai 

G2, F30). The radiative recombination of the photo generated charges was studied by collecting 

photoluminescence (PL) emission spectra using a Fluorescence spectrophotometer (Varian, 

Cary Eclipse). The photocatalyst was excited at a wavelength of 385 nm (bandgap of TiO2). 

The Time-Resolved photoluminescence spectroscopy (TRPL) was carried out to determine the 

lifetime of the charge carriers using an ISS Chronos BH fluorometer. For excitation, a pulsed 

diode laser (Hamamatsu) of wavelength 405 nm with pulse width of 70 ps operating with a 

peak power of 100 mW was used. Both PL and TRPL spectra were acquired by dispersing 2 

mg of photocatalyst powder in a fixed amount of aqueous medium and transferred into 1 cm * 

1 cm cuvette for the measurement. Glycogen dispersed in water was used to measure the 

instrument's response function while the multi exponential curve fitting was done using Vinci 

Analysis software. The chemical state and surface composition present in the sample were 
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studied by X-ray Photoelectron Spectroscopy (XPS) using PHI 5000 Versa-Probe II instrument 

with a monochromatic Al K (1486.6 eV) X-ray source and a hemispherical analyzer. 

Appropriate electrical charge compensation was employed to perform the analysis and the 

binding energy was referenced to the C 1s peak at 284.8 eV. Raman measurements were 

performed on a Horiba LabAramis setup equipped with a He-Ne 633 nm laser as source and a 

confocal microscope (100x objective) coupled to a 460 mm focal length CCD based 

spectrograph equipped with a four interchangeable gratings turret. The signal was collected on 

an air-cooled multichannel CCD, with a wavenumber accuracy of ±1 cm-1 in the range of 200-

1500 nm. The laser power of 15 mW, was used with the maximum spot size is 5 m. FT-IR 

measurements were carried out in transmission mode at normal incidence in the spectral range 

between 4000 and 400 cm-1 using a JASCO FT-IR-660 plus spectrometer operated at room 

temperature. The BET surface area of all the samples was measured by adsorption of nitrogen 

at 77 K and desorption at room temperature. 

4.2.4 Photocatalytic activity measurement 

       The photocatalytic activity of all the samples was evaluated by photo-degradation of p-

nitro phenol (p-NP) under 150 W xenon lamp having spectrum similar to the solar spectrum. 

10 mg of photocatalyst were dispersed in 50 ml of aqueous p-NP (10 ppm). Prior to light 

irradiation, the solutionwas stirred for 30 min in dark so that the catalyst achieves adsorption 

desorption equilibrium with p-NP. The distance between the light source and the reactor was 

kept constant at 47 cm. After fixed intervals of time, 1 ml of aqueous solution was filtered out 

in a 1 cm * 1 cm cuvette. The absorbance of p-NP was measured using a UV-Vis 

spectrophotometer. In order to evaluate the photocatalytic activity, the normalized intensity of 

the absorption band of p-NP at 320 nm was measured and plotted as a function of irradiation 

time. All the photocatalytic experiments were done at room temperature and at neutral pH. 

4.3 Results and discussion 

     TiO2 was doped with W in different concentrations of 0.1, 0.25, 0.5, 1 and 3 at.%. Fig. 33a 

shows the XRD patterns of all the W-doped TiO2 samples. The peaks observed at of 25.3º, 

37.7º, 48.1º, 53.8º, 55.1º, 62.7º, 68.8º, 70.3º, and 75.1º in pure TiO2 sample correspond to the 

(101), (004), (200), (105), (211), (204), (116), (220), and (215) planes of the anatase phase 

respectively. It is clear from the diffraction pattern that all the W-doped TiO2 samples show 

pure anatase phase similar to the undoped TiO2, indicating that the phase is maintained even 

after doping. A shift in the peak position is not expected and is not observed here after W-
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doping, as the ionic size of Ti4+(0.0605 nm) is similar to the W6+ (0.0600 nm) [139]. No peak 

due to WO3 was detected in the XRD spectra. As calculated by Scherrer's formula, the average 

crystallite size of all the samples was estimated to be in the range 6-9 nm, thus confirming the 

formation of TiO2 nanoparticles which was later confirmed by TEM analysis. 

 

 

Figure 33: (a) XRD patterns and (b) UV-Vis absorption spectra (taken in diffuse reflectance 

mode) of pure TiO2 and W-doped TiO2 with different doping concentration of W. 

     The optical properties of TiO2 and W-doped TiO2 were measured by UV-vis spectroscopy 

in diffuse reflectance mode. The absorption spectra were taken in the range of 200-800 nm as 

shown in Fig. 33b. There is no major shift in the absorption edges of W-doped TiO2 as 

compared to pure TiO2, indicating that W does not contribute in reducing the bandgap of TiO2 

in the visible region. The reason for this is that W forms impurity energy levels just below the 

conduction band, shifting the band gap by a very small amount for W-doped TiO2. In fact, the 

band gap of W-doped TiO2 (3.09 eV) shifts marginally as compared to pure TiO2 (3.21 eV).  

       The recombination of photogenerated charge carriers is studied by acquiring the PL spectra 

of TiO2 and W-doped TiO2 (Fig. 34a), as it measures the radiative recombination of electron-

hole pairs. The excitation, lying in the region of steep absorption doesn’t affect the PL 

intensities because the absorption of all the W-doped samples are similar and no significant 

difference is noted in their absorbance. Thus, the differences in their PL intensities are due to 

doping and not due to different excitation efficiencies. Four distinct peaks are observed at 420, 

438, 485 and 526 nm. The first two peaks (420 and 438 nm) are due to the relaxation of self-

trapped excitons generated through the transition along the band edges while the other two 
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peaks at 485 and 526 nm are due to the intraband transition within the trap levels or surface 

defects due to the oxygen vacancies [150]. The emission intensity of all the W-doped TiO2 

samples is reduced as compared to that of pure TiO2. Among all the concentrations, 1W- TiO2 

(where 1W indicates 1 at.% W) displayed the minimum emission intensity indicating maximum 

reduction in the radiative recombination of e--h+ pairs. Thus, W-doping induces better charge 

separation of photogenerated charge carriers as compared to pure TiO2. To determine the 

lifetime of the charge carriers, TRPL spectra were acquired (Fig. 34b) for all the W-doped 

TiO2 samples. In the TRPL experiment, the PL is measured at an integrated value. The decay 

curve is fitted by a double exponential, yielding an average lifetime of 2.67 ns for pure TiO2. 

There is a difference in measured lifetimes of defect-related PL and exciton related PL, hence 

the average carrier lifetime is displayed for comparison. As per the decay value, it is 

demonstrated from 20.5ns in order to understand the time evolution from where the decay 

initiates. The relaxation time gets increased after W doping in TiO2 and a maximum lifetime 

of 3.52 ns is obtained for 1W- TiO2. The lifetime of charge carriers decreases again with further 

increase in the concentration of W. Several factors can reduce radiative recombination, but the 

main reason, as discussed in previous reports [130,135], is that W dopant in the form of W6+ 

forms a shallow energy level near the conduction band minima (CBM) which acts as the 

trapping site for electrons to improve lifetime and reduce recombination. However, the same 

trapping sites act as recombination centers at higher metal ions doping according to the 

mechanism described in [151,152].  

 

Figure 34: (a) Photoluminescence emission spectra and (b) Time-resolved photoluminescence 

decay curve of pure TiO2 and W-doped TiO2 with different doping concentration of W. 
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      The photocatalytic activity of all W-doped TiO2 photocatalyst was evaluated by conducting 

degradation tests of p-NP and monitoring the corresponding absorption peak as a function of 

time. Results are presented in Fig. 35. The degradation rate of W-TiO2 for all atomic 

concentrations of W is noticeably increased as compared to undoped TiO2. Among W-doped 

TiO2 samples, 1W-TiO2 showed the highest photocatalytic activity by degrading 62% of p-NP 

as compared to 30% for pure TiO2 in 180 min. Activity increases with the increase in W 

concentration and reaches a maximum at 1%, while decreasing at the highest concentration of 

3%. This result is in agreement with the PL and TRPL results discussed above, in which 1W- 

TiO2 shows the highest lifetime of charge carriers in excited states corresponding to the lower 

recombination of e- and h+ pairs, which is mainly responsible for the increase in the 

photocatalytic activity in W-doped TiO2. This is achieved by replacing Ti4+ ions with W6+ ions 

in the lattice to contribute holes which act as trapping sites for electrons. Therefore, 

photogenerated holes on TiO2 have more time to travel to the surface to form OH radicals for 

degradation of organic pollutants such as p-NP. The photocatalytic degradation of p-NP was 

also conducted in UV light (Fig. 36). The activity is doubled for 1W-TiO2 as compared to pure 

TiO2 even under UV light thus showing the effectiveness of W6+ ions in charge separation 

irrespective of wavelength of light. At the same time it also demonstrates that the W-doping 

does not assist in absorption of visible light unlike other metal dopants. 
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Figure 35: Comparison of photocatalytic degradation of p-nitrophenol under light 

irradiation in presence of pure TiO2 and W-doped TiO2 powders with different dopant 

concentrations. Plot are in terms of the normalized intensity of the absorption band of 

p-NP at 320 nm in UV-vis spectra vs irradiation time (lines are drawn to guide the eye). 
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Figure 36: Comparison of photocatalytic degradation of p-nitrophenol under UV light 

irradiation in presence of pure TiO2, W-doped TiO2 and rGO/1W-TiO2 composite powders. 

Plot are in terms of the normalized intensity of the absorption band of p-NP at 320 nm in 

UV-vis spectra vs irradiation time (lines are drawn to guide the eye). 
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Figure 37: Comparison of photocatalytic degradation of p-nitrophenol under 

light irradiation in presence of pure TiO2 and rGO/1W- TiO2 composite 

powders with different rGO and 1W- TiO2 weight ratio. 
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     Though in W-doped TiO2, the recombination process is slowed down by e- trapping, the most 

convenient route to completely avoid the recombination of charges is by separating them 

spatially. Thus electrons, confined in the trapping sites, have to be transported from TiO2. This 

can be realized by coupling W-TiO2 with rGO. Hydrophilic rGO is conducting and acts as an 

effective electron acceptor. 

    The composite of rGO/TiO2 can be fabricated in three different ways: a) by decorating TiO2 

particles with small amounts of rGO (i.e 1 wt %) on the surface. b) by taking equal amount 

(1:1) of TiO2 and rGO and c) by decorating rGO 2D sheets with well dispersed TiO2 

nanoparticles (1-5%). The first system is the most studied and reported in the literature, while 

the other two are rarely investigated. The first two composite materials can be easily 

experimentally reproduced, while synthesis of the last is technically very difficult because the 

amount of TiO2 is not sufficient to convert all GO into rGO during the synthesis of the 

composite. Thus, for the present study only the first two systems were adopted with weight 

ratios rGO/1W-TiO2 of 0.1 & 0.01 and 1 & 2 respectively. 
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Figure 38: TGA measurement of pure TiO2 and rGO/1W-TiO2 photocatalyst. 

      The photocatalytic activity of all different weight ratios of rGO/1W- TiO2 was evaluated 

for the degradation of p-NP and presented in Fig. 37. All the composites showed better activity 

as compared to pure TiO2. Nevertheless, the lower weight ratios (0.1 and 0.01) showed lower 

activity as compared to higher weight ratios (1 and 2) in the composite. These results indicate 

that using an equal amount of 1W-TiO2 and rGO, produces an ideal condition for effective 
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interaction between rGO and TiO2, leading to better charge transfer. On the other hand, for 

lower weight ratios, rGO is not enough to be effective as an electron sink, thus showing inferior 

degradation rate in comparison to rGO/1W-TiO2 with higher weight ratio. Considering the 

above results, further analysis was focused only on rGO/ 1W-TiO2 with weight ratio of 1:1. A 

composite of rGO with pure TiO2 with the same weight ratio was also synthesized to 

understand the roles of rGO and W in the composite. TGA measurement was performed in 

order to confirm the 1:1 wt ratio of rGO/1W-TiO2 and results are reported in Fig. 38. In pure 

TiO2, there is only 5% of weight loss mainly due to evaporation of water molecule and 

hydroxide groups. On the other hand, for rGO/1W-TiO2 1:1 ratio the weight loss take place in 

three different temperature ranges; 1) at low temperature (25-110 ºC), the water and OH group 

from the surface is removed, 2) In range of 150-250 ºC, the weight loss is attributed to 

decomposition of epoxy, hydroxyl and oxygen containing functional groups attached to 

graphene oxide layers, and 3) from 250 to 1000 ºC the weight loss is assigned to burning and 

decomposition of Carbon skeleton. The total weight loss in rGO/ 1W-TiO2 is around 50% 

which confirms the 1:1 wt ratio.  
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Figure 39: (a) XRD patterns, (b) UV-vis absorption spectra (taken in diffuse reflectance 

mode) of pure TiO2, GO, W-doped TiO2, rGO/TiO2 and rGO/1W-TiO2 composite powders 

and (c) UV-vis absorption spectra of rGO/TiO2 along with different concentrations of W 

doped TiO2/rGO composites. 

        Fig. 39a shows the XRD patterns of TiO2, 1W-TiO2, GO, rGO/TiO2 and rGO/1W-TiO2. 

Characteristic peaks of anatase TiO2 at 25.3º, 37.7º, 48.1º, 53.8º and 55.1º corresponding to 

(101), (004), (200), (105) and (211) planes are observed for all the TiO2 based samples. The 

as-prepared GO shows a diffraction peak at 10º confirming the formation of the graphene 

oxide. The intensity of this main peak of GO becomes very weak after the reduction of GO 

with 1W-TiO2 under UV irradiation. This implies that significant amount of GO (above 95%) 

is reduced to rGO during the composite synthesis. No peak due to rGO is observed in XRD 

patterns due to the prominent peak of anatase TiO2 which lies in the same region of 2 angle. 

The optical absorption of rGO/TiO2 composites was studied and compared with TiO2 (Fig. 

39b). It is observed that the absorption edge of TiO2 is at 400 nm, whereas, the absorption edge 

for rGO/TiO2 and rGO/1W-TiO2 is evidently shifted in the visible region. Thus, the composite 

is able to harvest light in the visible region. Fig. 39c shows the absorption spectra for rGO/W-

TiO2 composites with different W concentrations. All the composites show nearly the same 

absorption profile with the maximum absorption edge in the case of rGO/3W-TiO2 composite. 
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Figure 40: XPS spectra of Ti2p, O1s, C1s and W4f levels of pure TiO2, GO, W-doped TiO2, 

rGO/TiO2 and rGO/1W-TiO2 composite powders. 

       In order to study the interaction between GO and TiO2, the surface states were analyzed 

by XPS for all five powder samples (Fig. 40). In Ti2p core level, two peaks at 458.8 eV and 

464.5 eV assigned to Ti2p3/2 and Ti2p1/2 of Ti4+ states are clearly visible for pure TiO2 and 

1W-TiO2. However, introducing GO with both these TiO2 leads to a positive shift in Binding 

Energy (B.E.) by 0.9 eV to 459.7 eV in 2p3/2 state. This prominent shift to higher B.E. clearly 

suggests that a large number of electrons transfer from TiO2 to rGO causes a strong interaction 

between them by forming bonds. The decrease in the intensity of Ti2p core level is due to the 

coverage of rGO over TiO2 on the surface. The C1s level of GO is deconvoluted into three 

peaks with two major peaks at 284.8 eV and 286.8 eV corresponding to C-C bond in sp2 carbon 

and C-O-C bond in hydroxyl or epoxy groups. The small peak at 288.2 eV is due to the C=O 

bond in GO. In composites with TiO2, the significant decrease in the two peaks of C-O and 

C=O indicates the removal of oxygen containing group from GO to form rGO, which is 

strongly bonded to TiO2. In pure TiO2 and 1W- TiO2, a broad peak in O1s level is deconvoluted 

into two peaks at 530.1 eV (80%) and 531.0 eV (20%) attributed to oxygen connected to Ti4+ 

in TiO2 and hydroxyl group attached to the surface. Oxygen is present only in the form of 

hydroxyl and epoxy groups on the surface of GO with a peak at 532.5 eV. This peak at 532.5 

eV reduces to large extent for the composite samples (rGO/TiO2 and rGO/1W-TiO2), thus 

confirming the decrease of oxygen containing group in the composite due to the formation of 

rGO. Importantly, the peak related to O in TiO2 at 531.0 eV shows a positive shift of 1 eV 

similar to Ti2p level of composite. This again confirms the existence of a strong interaction 

between TiO2 and rGO occurring due to the bonding created by the electron transfer. W in the 

case of 1W- TiO2, is in oxidized state (W6+) having peaks at 35.7 eV and 37.6 eV for W4f7/2 

and W4f5/2, respectively. However, both these peaks shift to higher B.E. at 36.6 and 38.5 eV 

for the composite which is attributed to the change in chemical environment on the surface of 

TiO2 caused by a large number of electrons transferred from TiO2 to rGO. The amount of W 

was measured around 0.9 ± 0.1 at.% on the surface which is consistent with the doping 

concentration (1 at.%) used during synthesis. The presence of rGO is determined by Raman 

spectroscopy by investigating sp2 and sp3 hybridized carbon atoms. The Raman spectra of all 

the four samples are displayed in Fig. 41a. Pure TiO2 showed vibrational peaks at 145, 396, 

515 and 640 cm_1 corresponding to Eg, B1g, A1g and B2g modes of vibration of anatase TiO2 

respectively. However, these peaks are shifted to lower wavenumber by around 5-10 cm-1. This 
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red shift is mainly due to the phonon confinement effect caused by the change in the crystal 

size. In GO/TiO2 composites, surface strain is developed due to the strong interaction between 

TiO2 and GO which affects the crystal size of TiO2 to create the red shift [153]. This is in line 

with the XPS result indicating firm bonding between TiO2 and GO. In as-synthesized GO, two 

main peaks are visible at 1365 and 1594 cm-1 attributed to D and G bands related to amorphous 

disordered structure of sp2 carbon and to the in plane stretching motion of symmetric sp2 C-C 

bonds (inset of Fig. 41a). These D and G bands are centered at 1345 and 1583 cm-1 for 

GO/TiO2, respectively, with the red shift suggesting the reduction of GO and rGO in the 

presence of TiO2 (inset of Fig. 41a) [154]. The intensity ratio of ID/IG also provides information 

about the GO to rGO conversion. The intensity ratio decreases in the case of rGO/ 1W-TiO2 as 

compared to pure GO thus confirming the formation of composites with strong bonding 

between Ti and C via Ti-O-C bonds on the surface. Other groups [154–156] also displayed 

similar low values of ID/IG for TiO2/rGO composites and attributed them to the strong 

interaction between TiO2 and GO. In order to confirm the decrease in ID/IG ratio, reduced 

graphene oxide was synthesized (inset of Fig. 41a). The intensity ratio matches very well with 

that for rGO/TiO2 composite thus confirming the GO to rGO conversion.  

 

Figure 41: (a) Raman spectra of pure TiO2, W-doped TiO2, rGO/TiO2 and rGO/1W-TiO2 

composite powders. (b) FTIR spectra of GO and rGO/1W-TiO2 composite powders. Inset of 

(a) shows the D and G band of GO, rGO, and rGO/1W-TiO2 composite powders. 

       The FTIR spectra of GO and rGO/1W-TiO2 is shown in Fig. 41b. A broad peak at 3000-

3500 cm-1 corresponds to the stretching of eOH and/or physically adsorbed H2O. A decrease 

in the intensity in the case of rGO/1W-TiO2 was observed and implying a reduction in the water 
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content. The bands at 1714 cm-1, 1625 cm-1, 1220 cm-1 and 1040 cm-1 are attributed to C=O 

stretching of COOH groups, C-C, C-O-C and C-O stretching modes respectively [135]. The 

peak at 1579 cm-1 is caused by the skeletal vibration of GO [153]. For GO/1W-TiO2, these 

peaks due to oxygen containing functional groups either disappeared completely or the 

intensity is significantly decreased implying the reduction of GO to rGO.  

 

Figure 42: SEM Images of (a) pure TiO2, (b) W-doped TiO2, (c) GO, (d) rGO/TiO2 and (e) 

rGO/1W-TiO2 composite powders. 

       Morphological analysis was performed using SEM (Fig. 42) and TEM (Fig. 43). 1W-TiO2 

showed big crystal like structure (Fig. 42) composed of small nanoparticles (NPs). As prepared 

GO displayed sheet like morphology (Fig. 42) which is maintained even after bonding TiO2 on 

it. TEM images displayed TiO2 NPs in the range of 5-10 nm for 1W-TiO2 (Fig. 43a) with an 

average size of ~8 nm. This value is in good agreement with that obtained from XRD. 

Nevertheless, these NPs are agglomerated to form big crystals. On the other hand, for rGO/ 

TiO2 and rGO/1W-TiO2, the TiO2 NPs are well dispersed and are found loaded only on rGO 

(Fig. 43b). No loose NPs was observed in the presence of rGO, thus confirming a good 

interaction between rGO and TiO2 as indicated by XPS, Raman and FTIR results. No variation 

in the size of TiO2 NPs was seen thus confirming formation of nanocomposite. In HRTEM 

images (Fig. 43b and e), interplanar spacing of 0.35 nm was recorded for NPs assigned to 

(101) plane of TiO2 for both pure and composite TiO2. The rGO/1W-TiO2 coupling can be 



80 
 

clearly seen from the bright field TEM image (Fig. 43d) with 1W-TiO2 nanoparticles 

embedded in a background of rGO sheets. SAED patterns in Fig. 43c illustrates all the distinct 

diffraction rings corresponding to TiO2 anatase phase. For 1W-TiO2, the same diffraction rings 

are also observed for GO/1W-TiO2 composite but in diffused form due to the GO wrapped with 

TiO2 (Fig. 43f). BET surface area is recorded and summarized in Table 2. No major variation 

in the surface area was observed after the formation of GO/TiO2 composite. 

 

Figure 43: Bright field TEM image (a) & (d), High resolution TEM image (b) & 

(e), and SAED pattern (c) & (f) of 1W-TiO2 and rGO/1W-TiO2 composite powders 

respectively. 

Sample name Surface area 

(m2/gm) 

TiO2 80.7 ± 0.2 

1W-TiO2 89.7 ± 0.3 

rGO/TiO2 82.0 ± 0.2 

rGO/1W-TiO2 91.3 ± 0.3 

 

Table 2: BET surface area of pure TiO2, W-doped TiO2, rGO/TiO2 and rGO/1W-TiO2 

composite powders. 

          The recombination of e- and h+ pairs plays an important role in controlling the efficiency 

of the photocatalyst. Fig. 44a shows the PL spectra of GO/TiO2 and rGO/1W-TiO2 in 

comparison with pure TiO2 and 1W-TiO2. The emission intensity of pure TiO2 is highest among 

all the other photocatalysts, indicating the highest efficiency in recombination of electron and 
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hole pairs. The emission intensity dropped drastically in the case of composite material. The 

photocatalyst rGO/1W-TiO2 shows lowest emission intensity as compared to all other 

photocatalysts due to an effective separation of electron and hole pairs. This clearly shows that 

the electrons, when excited from valence band to the conduction band of W-TiO2, are 

immediately transferred to rGO, resulting in the enhanced charge separation. 

     Time Resolved PL decay spectra (Fig. 44b) were monitored to quantify the relevant 

quenching time scales by exciting TiO2 and rGO/TiO2 composite with a 405 nm pulsed diode 

laser near the band gap energy. The decay curves were fitted by two-exponential decay 

functions comprising two time components, 1 and 2. Fast decay component, 2, is due to the 

near band edge relaxation of TiO2 by free e- and h+, while the slow decay component, 1, arises 

from the recombination of self-trapped excitons. After the electron- hole pair formation and 

subsequent charge carrier separation, in competition with recombination, some of the electrons 

and holes are trapped at various defect sites in lattice or surface (such as oxygen vacancies, 

surface hydroxyl group and other defects) which form shallow and deep levels within the band 

gap. These trap charges quenched to the luminescent sites through trap to trap hopping and 

finally producing the visible luminescence thus contributing to the slow decay component of 

the PL curve. The values of 1 and 2 along with their corresponding fraction f1 and f2 to the 

total decay, for pure TiO2, 1W-TiO2, rGO/TiO2 and rGO/1W-TiO2 are reported in Table 3. 

Although the fraction of both the components are similar (~50%), by inclusion of 1W in TiO2, 

the decay time of both the components increases as compared to that of TiO2, and finally results 

in a higher effective average lifetime. W6+ states formed just below the CB are mainly 

responsible for trapping e- thus reducing and delaying the recombination process as indicated 

by PL spectra. On the contrary, by forming a composite with rGO/TiO2, no change in fast 

component was observed but the slow component 1 decreases to 4.16 ns from 5.03 ns (pure 

TiO2). Most importantly, the fraction of the total decay corresponding to the slow component 

reduces significantly from 46% to 18% which lowers the average effective lifetime of the 

composite with respect to TiO2. Thus, the faster component related to recombination of free 

electron and hole dominates the decay curve. This result shows that the electrons before being 

trapped by the defect sites are transferred to rGO through the channel formed by the interaction 

between TiO2 and rGO. A similar decrease in the lifetime value was observed in 

perovskite/TiO2 composites due to fast charge extraction from perovskite into TiO2 [157]. For 

a TiO2/copolymer and TiO2/Ag3PO4 composites, the same behavior was observed and in both 

the cases the efficient charge separation was responsible for such a result [158,159]. In the case 
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of rGO/1W-TiO2, the 1 and 2 increase in comparison to rGO/TiO2 though both the amounts 

are identical. As indicated above for 1W-TiO2, the presence of W6+ states trap the electrons 

after the generation prolonging the lifetime for both interband and intraband transitions of 

exciton. The effective lifetime value recorded for rGO/1W-TiO2 is lower than that of pure TiO2 

and 1W-TiO2 suggesting efficient charge transfer from TiO2 to rGO via bonding channels 

created at the interface. 

 

 

Figure 44: (a) Photoluminescence emission spectra and (b) Time-resolved photoluminescence 

decay curve of pure TiO2, W-doped TiO2, rGO/TiO2 and rGO/1W-TiO2 composite powders. 

samples τ1 (ns) τ2 (ns) f1 f2 Average 
lifetime 

τ(ns) 

TiO2 5.03 0.65 0.46 0.54 2.49 
1W-TiO2 6.07 0.73 0.52 0.48 3.33 
GO-TiO2 4.16 0.63 0.18 0.82 1.00 

GO-1W-TiO2 4.44 1.01 0.19 0.81 1.68 

 

Table 3: Average Lifetime values along with fitting parameters (1 andwith their 

corresponding fraction f1 and f2) of the total decay, for pure TiO2, 1W-TiO2, rGO/TiO2 and 

rGO/1W-TiO2 

        The photocatalytic activity (Fig. 45) of rGO/TiO2 nanocomposite is compared with TiO2 

and 1W-TiO2. The highest activity is observed for rGO/1W-TiO2 in degrading (87%) p-NP in 

3 h While TiO2, rGO/TiO2 and 1W-TiO2 show 29%, 42% and 62%, respectively, in the same 

period. The photocatalytic activity depends mainly on the surface area, visible light absorption 
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and charge recombination. There is not much difference in the surface area among all the 

samples, thus it is not the parameter to consider for explaining the differences among samples. 

Therefore, the observed enhancement in photocatalytic activity in p-NP degradation is due to 

the red shift of the absorption edge after coupling W-TiO2 with GO and, most importantly, to 

the enhanced separation of photogenerated charge carriers by inhibiting the recombination in 

rGO/1W-TiO2 samples. 
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Figure 45: Comparison of photocatalytic degradation of p-nitrophenol under light 

irradiation in presence of pure TiO2, W-doped TiO2, rGO/TiO2 and rGO/1W-TiO2 

composite powders. 

     Upon irradiation of the composite, large numbers of electrons are excited in the conduction 

band of TiO2 to form excitons. Most excitons have very short lifetime and thus recombine by 

direct transition along the band gap, while a small amount of electron and holes travels towards 

the surface for the photocatalysis reaction. However, during the journey these photogenerated 

charges are trapped by defects in the bulk or on the surface, where they recombine with little 

delay as compared to interband recombination. Thus only negligible amounts of electrons-

holes are available for the reaction and represent the rate limiting step for the photocatalytic 

process. This shows that avoiding recombination, via both interband process and defect traps, 

is necessary. In the 1W- TiO2/GO composite, W6+ acts as the trapping site for electrons and 

reduce the interband recombination of excitons. On the other hand, the interaction between 

TiO2 and GO creates a channel for fast transfer of excited electrons towards the latter before 
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being recombined at the defect traps. The work function of rGO (-4.4eV), lower than the CB 

of TiO2 (-4.2eV), also allows injection of electrons from TiO2 to rGO. So the present system 

assists not only in trapping but also spatially separating the electrons from TiO2 to avoid 

recombination. Enhanced absorption in the visible region and effective charge separation are 

thus mainly responsible for higher photocatalytic activity. In addition, rGO also plays a role in 

creating a better dispersion of TiO2 NPs on the surface. Further, in order to distinguish the 

effect of visible light absorption and charge separation, different composites of GO and W 

doped TiO2 were synthesized by varying the concentration of W (0.1, 0.25, 0.5, 1, and 3 at.%). 

No major variation in crystal structure or visible light absorption was observed as indicated by 

XRD pattern and UV-vis spectra of rGO/W-TiO2 composites. Nevertheless, the intensity of 

peaks in PL spectra (Fig. 46a) diminishes for all the concentrations of W with minimum 

intensity recorded for rGO/1W-TiO2 composite. The trend obtained in the composite is exactly 

similar to that for W-doped TiO2. In TRPL (Fig. 46b), the maximum effective lifetime (1.68 

ns) is obtained for rGO/1W-TiO2 composite. Most importantly, all the composite samples with 

varying W concentration showed significant decrease in the fraction of slow component due to 

immediate charge transfer to rGO via a channel created by the interaction. In the case of 

rGO/1W-TiO2 composite, the 1 is comparable to the values recorded for other concentration 

of W, but 2 increases considerably due to the trapping of electron at W6+ resulting in the 

highest overall lifetime among the W doped rGO/TiO2 composite. 

 

Figure 46: (a) Photoluminescence emission spectra and (b) Time-resolved photoluminescence 

decay curve of rGO/W-doped TiO2 composite powders with different doping concentration of W. 



85 
 

      The photocatalytic activity for the degradation of p-NP for W doped rGO/TiO2 composite 

is reported in Fig. 47. Among all the composites, rGO/1W-TiO2 shows the highest 

photocatalytic activity. rGO/1W-TiO2 composite showed higher activity than pure TiO2 mainly 

due to the fast transfer of excited electrons from TiO2 to GO. On the other hand, W introduced 

in the composite is able to act as a trapping site for electron to delay the band gap 

recombination. Thus implementation of both these features in rGO/1W-TiO2 creates a synergic 

effect to efficiently separate the charges and favor transport to the surface for improved 

photocatalytic activity. 
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Figure 47: Comparison of photocatalytic degradation of p-nitrophenol under light 

irradiation in presence of pure TiO2, rGO/TiO2, and rGO/W-doped TiO2 composite powders 

with different doping concentration of W. 

4.4 Conclusions 

      Nano-composite materials made of W-doped TiO2 and rGO graphene have been 

synthesized to increase the efficiency of the bare TiO2 photocatalyst. Several values of W at% 

concentrations have been used but the best results have been obtained with 1 at.% W doping 

and weight ratios rGO/1W-TiO2 of 1:1. UV-Vis, XPS, PL and time resolved PL spectra 

establish that W6+ in TiO2 lattice creates impurity level just below the minimum of conduction 

band of TiO2 to give the band gap of W doped TiO2 of 3.09 eV, only marginally lower than 

that of pure TiO2. W-doping of TiO2 and electrons transport through channels created by the 

TiO2-rGO chemical bonds contribute in a synergetic way to enhance the photocatalytic 

efficiency of the composite materials. In particular, the photoexcited electrons are trapped by 
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the introduced impurity levels, thus reducing interband recombination, while the new formed 

bonds with rGO create a channel for fast transfer of excited electrons towards rGO thus 

avoiding charges recombination on the surface defect sites. The increased photocatalytic 

activity is demonstrated in photo-degradation tests of p-nitrophenol. The efficiency of 1 at.% 

W- TiO2 /rGO results to be 87% as compared to rGO/ TiO2 (42%), 1W- TiO2 (62%), and pure 

TiO2 (29%). 
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Chapter 5: Effect of Graphene oxide loading on TiO2: 

Morphological, optical, interfacial charge dynamics 

 

Preview:        TiO2 is a well-known photocatalyst studied extensively for photocatalytic 

degradation of organic pollutants for water treatment. However, high bulk and 

surface recombination of photo-excited charges is a major drawback it faces. rGO 

on the other hand, has gained interest as a supporting material for TiO2 due to its 

high surface area, superior electron mobility and tunable bandgap. rGO-TiO2 

composites with different GO loading from low to high GO concentration range 

were synthesized using photoreduction method. The developed composites were 

tested for photocatalytic degradation of para-Nitrophenol and demonstrated good 

photocatalytic activity. Among all, the weight ratio, rGOT-3 showed the best 

performance. Experimental measurements were conducted in order to study and 

analyse the synthesized composites. 

                          My contribution to this work includes the synthesis of Graphene Oxide (GO) 

and rGO/TiO2 composites with different concentrations, performing photocatalytic 

measurements for the samples along with analysis and plotting of data obtained. 

 

 

The content of this chapter is adopted from; 

A. Yadav, M. Yadav, S. Gupta, Y. Popat, A. Gangan, B. Chakraborty, L.M. Ramaniah, R. 

Fernandes, A. Miotello, M.R. Press and N. Patel, Carbon 143 (2019), 51-62. 

https://doi.org/10.1016/j.carbon.2018.10.090 

© 2018 Elsevier Ltd. All rights reserved. 

 

5.1 Introduction 

      TiO2 is one of the most exhaustively studied material as it is a potential candidate for 

various applications such as photocatalytic degradation of organic pollutants for water 

treatment, H2 production by photocatalytic bacteria deactivation, water-splitting, gas sensors, 

photovoltaics and Li ion batteries [160–164]. TiO2 gained interest in these applications owing 

to its low-cost, non-toxic nature, suitable band edge positions, earth-abundance and long-term 

photo- and chemical stability in all pH media. For photocatalytic application, the efficiency of 

https://doi.org/10.1016/j.carbon.2018.10.090
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TiO2 is limited due to its wide bandgap, which restricts light absorption within UV range (5% 

of solar spectrum), and high bulk and surface recombination rates of the produced electron hole 

pairs. Former limitation can be circumvented by reducing the electronic bandgap of TiO2 

through metal [165] or non-metal doping [166,167], which improves its absorbance in visible 

spectrum. The latter issue of bulk recombination can be suppressed using high valence dopants 

(such as W6+) that lead to formation of an impurity level just below the conduction band of 

TiO2 and acts as a trap site for electron carriers, thereby improving charge carrier lifetime [168]. 

On the other hand, formation of heterojunction of TiO2 with other semiconductors (C3N4, WO3 

etc) [169,170], carbonaceous materials (carbon nanotubes, fullerene, graphene, reduced 

graphene oxide (rGO) and graphene oxide (GO)) and metal nanoparticles has proven to be very 

effective in decreasing the surface recombination rate [171–173].  

      Recently, rGO has gained great interest in photocatalytic water-treatment, as a supporting 

material for TiO2, owing to its high surface area, superior electron mobility, tuneable bandgap 

and easily changeable surface properties [174]. It was found that combining rGO with TiO2 

leads to improvement in photo-induced charge separation by transfer of excited electrons to 

rGO through interface. During the synthesis of composite, the amount of rGO loading and 

proper coupling at the interface in rGO-TiO2 composite plays a key role in deciding the 

photocatalytic performance of the resulting composite. Generally, past literature on rGO-TiO2 

composites are divided into two categories where (1) TiO2 particle is decorated by a small 

amount of rGO and (2) TiO2 particles are well dispersed over 2D rGO sheet. To realize the 

former strategy, weight ratio between 0.1-5 wt % of rGO were used while for latter case, nearly 

equal amount of rGO were used. Optimum concentration of rGO is determined in both cases 

of rGO-TiO2 composites. Depending upon the size of TiO2 nanoparticles and the method 

adopted for synthesis of the composite, the optimum concentration of rGO that shows superior 

photocatalytic performance also varies. Lower amount of rGO acts as an electron sink over 

TiO2 particles to reduce recombination process. In this case, though light is not shielded by 

rGO, the interaction area between TiO2 and rGO is at minimum level. Iqbal et al. [175] 

fabricated rGO-TiO2 composite using solvothermal method with GO to TiO2 mass ratios of 0, 

2.5, 5 and 10 wt% and found the mass ratio of 5 wt % as optimum ratio for the photodegradation 

of Rhodamine B dye and phenol due to efficient charge transportation and separation at the 

interface with enhanced visible light absorption. Liu et al. [176] also reported rGO-TiO2 

composite and observed that superior photodegradation performance is achieved when amount 

of rGO in the composite is 2 wt% compared to pure TiO2 and 1 and 5 wt% rGO-TiO2 

composites. Similar study by Yu et al. [177] also demonstrated that when GO amount was 
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controlled to 1wt % in rGO-TiO2 composite, it has shown highest photocatalytic performance 

for degradation of methylene blue. Several other reports have also shown that when rGO is 

combined with TiO2 to obtain composite with rGO weight ratio in the range of 0.1-10 wt%, 

then significant improvement towards photocatalytic activity under UV illumination can be 

achieved [174,178,179]. Using equal amount of rGO and TiO2 provides better scenario for 

strong interaction between TiO2 and rGO in form of Ti-O-C bonds at interface. These bonds 

not only provides channel for fast transfer of electrons but also create energy levels within the 

band gap of TiO2 to improve the visible light absorption. Although better dispersion of TiO2 is 

obtained here, provided by higher surface area of rGO, however a portion, also relevant, of 

light reaching the TiO2 particle is blocked by surface covering of rGO.  Even the surface 

exposure of TiO2 to reactant and product of the catalytic reaction is also reduced drastically. 

Gao et al. [180] reported that GO to TiO2 weight ratio of 3:2 has the highest degradation rate 

towards methylene orange under UV irradiation as compared to pure TiO2 and other weight 

ratios (0:1 and 0.1:1). Similarly, a microwave-assisted combustion method was developed to 

synthesize GO-TiO2 composite with GO to TiO2 weight ratios between 0.25-2.0 [181]. The 

weight ratio of 1.5 was found to be the best for degradation of methylene orange dye and 

beyond this value, absorption and scattering of light takes place by rGO which leads to 

significant reduction in photocatalytic activity. To avoid the agglomeration, Lee et al. [182] 

reported that hydrothermally synthesized graphene wrapped TiO2 composite, using GO and 

amorphous TiO2 nanoparticles results in formation of Ti-C bond, which helps in efficient 

photo-charge transfer from TiO2 to graphene to enhance the photocatalytic performance. It was 

noted that graphene wrapping also results in less exposed TiO2 active sites for photo-oxidation 

of pollutants and thus reducing the photocatalytic performance. Recently, Williams et al. 

demonstrated a facile and chemical free reduction process of GO via UV-assisted 

photoreduction method in presence of TiO2 nanoparticles which also results in formation of 

rGO-TiO2 composite [183]. This provides a simple method to synthesize uniformly dispersed 

TiO2 nanoparticles decorated over rGO sheets by just varying the weight ratio of GO to TiO2. 

Though extensive research has been carried out in past for both strategies, it is still unclear 

which range of rGO is best suited for photocatalytic activity. Also, none of them explains the 

effect of variation of GO loading on the morphological properties, charge dynamics and degree 

of functionalization of the resulting composite, which was taken up in this work.  

      Thus, in the present work, rGO-TiO2 composite is studied in a holistic manner by 

synthesizing different weight ratio of both the ranges namely 0.001:1, 0.01:1, 0.1:1, 1:1, 3:1 

and 10:1. For an intimate interaction between TiO2 and rGO, photo-reduction technique was 



90 
 

used for synthesizing the composite. Effect of weight ratio on the properties of the composite 

samples were explored using various characterization techniques. The developed composites 

were tested for photocatalytic degradation of para-Nitrophenol under Xenon and UV 

irradiations. The reasons for the higher photocatalytic performance of rGO-TiO2 composites 

were investigated and explained. 

5.2 Experimental Methods 

5.2.1 Synthesis of TiO2, GO and rGO-TiO2 nanocomposite 

     TiO2 nanoparticles were synthesized by sol-gel method using Titanium (IV) n-butoxide 

(Ti(OC4H9)4) as a precursor. In a typical procedure, a mixture of Ti(OC4H9)4 with ethanol was 

prepared to obtain TiO2 sol. To this precursor sol, a mixture of ethanol, double distilled water 

(DDW) and HNO3 was added slowly and stirred for 2 hours for homogeneous mixing. The 

ratio of titanium butoxide/DDW/ethanol/HNO3 was maintained at 1/30/20/0.1. After stirring, 

the solution was kept overnight for gelation, at room temperature. The resulting gel was 

thoroughly washed with DDW and ethanol followed by drying for 3 hours at 120 ⁰C in open 

atmosphere.  A pale white TiO2 powder was obtained which was grinded and calcined at 400 

⁰C for 2 hours to obtain crystalline TiO2 powder. 

     Synthesis of GO was carried out by modified Hummers method, as discussed by Kalambate 

et al. [149]. The synthesis procedure involves oxidation of graphite using a strong oxidizing 

agent like KMnO4 along with NaNO3, which acts as supporting oxidizing agent. 1g graphite 

powder was exfoliated using 48 ml 98% H2SO4 in presence of 0.5 g NaNO3 at 0 ⁰C under ice 

bath, followed by gradual addition of 5 g KMnO4 in small parts. After the addition of KMnO4, 

the solution was stirred for 2 hours under water bath at room temperature. The reaction was 

terminated by addition of 240 ml DDW, followed by 5 ml H2O2 (30%) solution. The obtained 

solution was filtered and washed several times with 10% v/v HCl solution, DDW and ethanol, 

and later dried under vacuum. The dried powder obtained here is GO. 

       A composite of the synthesized TiO2 and GO powders was made by photo-reduction 

method, as reported by Williams et al. [183]. With this method, aqueous solutions of TiO2 and 

GO were made separately and ultrasonicated for one hour. The two dispersion solutions were 

mixed together and were again ultrasonicated for one hour to obtain homogeneous mixture. 

The final mixture was irradiated under UV light for 24 hours under constant stirring at room 

temperature to complete the photo-reduction process. After the process, black powder is 

obtained which indicates reduction of GO to rGO. The solution is then filtered and washed 
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with water followed by drying under vacuum to obtain rGO-TiO2 composite. By varying the 

weight ratio of GO in the aqueous mixture, samples with different rGO:TiO2 weight ratios 

(0.001:1, 0.01, 0.1:1, 1:1, 3:1 and 10:1) were prepared and hereafter are denoted by rGOT-

0.001, rGOT-0.01, rGOT-0.1, rGOT-1, rGOT-3, rGOT-10, respectively. For all the samples, 

the weight of TiO2 was fixed (100 mg) while that of GO was varied. 

5.2.2 Materials Characterization 

     The phase and crystalline structure of all the samples were identified by X-ray diffraction 

(Rigaku Ultima IV) using Cu Kα radiation (λ = 1.5414 Å) in θ-2θ mode. Optical absorbance 

of the synthesized samples was determined using UV-Vis-NIR spectrophotometer (Shimadzu) 

in diffused reflectance mode in the wavelength window of 200 – 800 nm. Transmission electron 

microscope (TEM, JEM 2100, 200 kV) was used to determine the morphology of all samples. 

Raman microscopy was used to gain information of the degree of reduction of GO in rGO-

TiO2 composites. Raman spectra were recorded on a HORIBA LabRAM HR 800 spectrometer 

using 532 nm solid-state laser source with a power of 50mW. FTIR spectroscopy was used to 

identify the functional groups on GO and rGO-TiO2 composites using JASCO FT-IR-660 plus 

spectrometer, operated at room temperature. X-ray photoelectron spectroscopy (XPS) 

measurement was performed using an AXIS Supra (Kratos Analytical) instrument equipped 

with a monochromatic Al Kα (1486.6 eV) X-ray source to analyze the surface electronic states 

and composition. The binding energy (BE) positions were referenced to standard C 1s (284.8 

eV) peak for all elements. XPS analysis was performed using ESCApe software from Kratos 

where the background was corrected using Shirley method. For deconvolution and fitting of 

XPS peaks, a combination of 50% Lorentzian and 50% Gaussian distribution functions were 

used. Radiative recombination of photogenerated charge carriers was determined with the help 

of photoluminescence (PL) emission spectra, measured using a Fluorescence 

spectrophotometer (Varian, Cary Eclipse) at an excitation wavelength of 385 nm. Time-

resolved photoluminescence (TRPL) spectra were obtained using an ISS Chronos BH 

fluorometer. The charge carriers were excited to higher energy level using excitation pulse of 

wavelength 405 nm with a pulse width of 70 ps obtained from a pulsed diode laser 

(Hamamatsu). To obtain PL and TRPL spectra, a homogeneous dispersion of 2 mg powder in 

appropriate amount of double distilled water was prepared. 

5.2.3 Photocatalytic activity measurement 
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      The photocatalytic measurements for water purification was carried out in a lab-made 

photoreactor assembly. The set up consists of a top-down assembly of 150 W collimated Xenon 

arc lamp (Hamamatsu) and a borosilicate photoreactor (250 ml) provided with constant stirring 

system. The distance between source of light and reactor was kept fixed for all the 

measurements and was measured to be 47 cm. At this distance, the light flux was measured to 

be 8.6 mW/cm2. This distance was also found to be ideal to maintain uniform illumination over 

the samples. The whole setup was kept in dark atmosphere to avoid any errors due to stray 

lights. For each measurement, 10 mg of photocatalyst was uniformly dispersed in 50 ml p-

Nitrophenol (p-NP) solution by ultrasonication for 5 min. In order to separate the adsorption 

of pollutant over catalyst surface from the photocatalytic degradation [184], prior to photo 

irradiation, the solution was kept in dark under constant stirring for about 30 min, in order to 

achieve adsorption/desorption equilibrium between the photocatalyst surface and pollutant in 

the solution. Once the equilibrium condition was established, the solution was illuminated by 

light under constant stirring, at room temperature. During photo-catalytic reaction, after an 

interval of 30 minutes, 5ml of the solution was collected in a quartz cuvette and absorbance 

spectra was recorded using UV-vis spectrometer (Implen Nano Photometer). A control 

experiment was also performed by irradiating the pollutant solution under the same conditions, 

in absence of the photocatalyst. The photo-degradation rate was determined by measuring the 

variation in characteristic UV-Vis absorbance peak of p-NP at 320 nm with irradiation time. 

All the samples were tested at least 3 times to establish the consistency of the obtained results. 

5.3 Results and Discussion 

       To understand the effect of loading of GO on TiO2 and subsequent formation of rGO-TiO2 

composite, samples with different weight ratios of GO:TiO2 were synthesized such that it 

covers the whole possible range of GO from low (0.001, 0.01, 0.1) to high ratio (1,3,10). Fig. 

48 displays X-ray diffraction pattern of TiO2 nanoparticles, GO and the series of rGO-TiO2 

nanocomposites with different weight ratios. XRD pattern of bare GO shows a major 

diffraction peak around 11.26⁰ and a minor peak at 43.9˚ corresponding to the reflections from 

(002) and (100) planes of GO, respectively, consistent with previous reports [185,186]. XRD 

pattern of pure TiO2 displays nine diffraction peaks at 25.3⁰, 37.7⁰, 48.1⁰, 53.8⁰, 55.1⁰, 62.7⁰, 

68.8⁰, 70.3⁰ and 75.3⁰ ascribed to the reflections from (101), (004), (200), (105), (211), (204), 

(116), (220) and (215) planes, respectively of pure anatase phase. Crystal size of 5-9 nm was 

calculated from the main peak (25.3⁰) of TiO2 for all the samples. In composite, the peaks 
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assigned to both materials are observed but with different intensities depending on its weight 

ratio. From the figure, it is clear that as the weight ratio of GO to TiO2 decreases, the intensity 

of main characteristic peak of GO at 11.26⁰ also decreases, suggesting improvement in 

reduction of GO to rGO with increasing amount of TiO2. The existence of both diffraction 

peaks at 11.26⁰ and 43.9˚ of GO in rGOT-10 and rGOT-3 composite could be ascribed to the 

absence of sufficient amount of TiO2 nanoparticles in the composite to reduce GO to rGO. 

However, when TiO2 and rGO are in equal amount (rGOT-1), merely a broad signal of both 

peaks are detected, which implies that TiO2 nanoparticles are in sufficient quantity to reduce 

majority of GO to rGO, during photoreduction but not fully. The reduction in the intensity of 

main characteristic peak at 11.26⁰ is attributed to the disruption of stacked (002) planes of GO. 

On further decreasing the amount of GO in composite, only the peaks attributed to anatase 

TiO2 are visible. Furthermore, on comparison of the XRD pattern of all the samples, it is clear 

that TiO2 present in the composite exhibits similar diffraction peaks as that of pristine TiO2, 

suggesting that only GO is reduced to rGO, while TiO2 phase remains preserved. This result 

suggests that GO and rGO-TiO2 composite both are present in higher range loading, while GO 

is completely reduced to form rGO-TiO2 composite in lower range loading. 

 

Fig. 48: XRD pattern of GO, TiO2 and rGO-TiO2 nanocomposite with 

different weight ratios. 

       To study the morphological differences between the series of rGO-TiO2 composites, TEM 

was used and the corresponding images are presented in Fig. 49. Fig. 49a shows crumbled 

structure of bare GO sheet, confirming successful exfoliation of graphite into GO layers. Fig. 

49b shows that TiO2 nanoparticles are spherical in shape with a narrow size distribution 
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ranging from 5-8 nm. From the morphological analysis of rGOT-0.001 (Fig. 49b) and rGOT-

0.1 (Fig. 49c), it is revealed that the amount of TiO2 nanoparticles, as compared to GO, is very 

high and hence most of the particles can be seen in the form of aggregates rather than uniformly 

distributed over the surface. Similar morphology is observed for rGOT-0.01 (figure not shown). 

In the case of rGOT-1 (Fig. 49d), although rGO is very well decorated and covered by TiO2 

nanoparticles, but still certain degree of agglomeration of TiO2 nanoparticles is observed on 

the surface of rGO sheet. However, the agglomeration is lower as compared to that observed 

in smaller rGO concentration ratio. TEM images of rGOT-3 (Fig. 49e) and rGOT-10 (Fig. 49f) 

show uniform and well-separated TiO2 nanoparticles decorated on rGO sheets. For lower 

concentration loading, though TiO2 nanoparticles mostly covers rGO, they appears 

agglomerated on the surface, while contrary behaviour is observed for the higher concentration 

loading. Formation of a composite with uniform distribution over rGO and large spacing 

between the particles may result in more exposed active sites of TiO2 for photocatalytic 

reactions, in contrast to rGO decorated with agglomerated TiO2 nanoparticles. In addition, even 

dispersion is more likely to permit formation of an interface between each TiO2 nanoparticle 

and rGO which creates a channel for fast charge transfer between them. This is a very important 

feature to reduce the recombination process during photocatalysis. 

 

Fig. 49: TEM images of (a) GO; (b) rGOT-0.001; (c) rGOT-0.1; (d) rGOT-1; 

(e) rGOT-3; (f) rGOT-10 
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Fig. 50: UV-Visible absorption spectra (in diffused reflectance mode) of pure 

TiO2, GO and rGO-TiO2 nanocomposites with different weight ratio. 

        The effect of variation in weight ratio of rGO-TiO2 composites on their optical properties 

was studied using UV-Vis absorption spectra in diffuse reflectance mode. From Fig. 50, it is 

evident that TiO2 possesses an absorption edge at 385 nm corresponding to a band gap of 3.2 

eV [187], consistent for anatase phase. On formation of rGO-TiO2 composite in lower 

concentration range, there is a very small shift in the absorption edge with significant increase 

in absorbance throughout the visible range. As the weight ratio of rGO to TiO2 increases to 

higher value, absorption of photons in the visible spectrum also increases. This absorption of 

visible light is mainly attributed to the contributions from GO and rGO whose bandgap varies 

from 2.2eV to 0.5eV depending on the amount of oxygen containing groups on their surface. 

On the other hand, a slight red shift in the absorption edge of TiO2 to 2.9 eV is observed for 

lower amount of GO. This is mainly due to the formation of impurity levels just above the 

valence band owing to Ti-O-C bond formation at the interface of TiO2 and rGO, as confirmed 

by XPS in later section. 

        Raman spectroscopy was used to explore the effects of variation in the rGO:TiO2 weight 

ratio on ordered and disordered structures of rGO and TiO2 on surface. Raman spectra of GO, 

and rGO-TiO2 with high weight ratio (rGOT-1, 3, and 10) are displayed in Fig. 51 in the range 

of 900-3000 cm-1 wavenumber, while that for graphite and lower weight ratio (rGOT-0.001, 
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0.01, & 0.1) is presented in Fig. 52. For graphite, peak measured at 1341 cm-1 and 1568 cm-1 

(Fig. 51) corresponds to D and G band, consistent with previous results [188,189]. D band is 

assigned to disordered mode, which may arise due to presence of sp3 defects, disruption of 

hexagonal graphitic lattice, edge defects and dangling bonds. The observed G band is 

contributed by phonons of in-plane sp2 C-C bonds. Raman spectra of unoxidized graphite 

shows highly intense G band and a weak D band [189] suggesting presence of ordered structure. 

However, after oxidation of graphite, i.e. formation of GO, an intense D band centred at 1341 

cm-1 was observed. An increase in relative intensity of D to G band implies disruption of 

symmetric hexagonal lattice due to introduction of oxygen containing groups (epoxy, hydroxyl 

& carboxyl). Simultaneous decrease in G band confirms reduction of in plane sp2 C-C bond 

and formation of sp3 bonds in C network with oxygen of epoxy or hydroxyl group. Also, a 

small shift in G band to higher wavenumber 1597 cm-1 indicates the formation of isolated 

double bond, which resonates at higher frequency compared to G band in graphite [189]. For 

low range of GO loading, D and G bands are merely visible due to large quantity of TiO2 on 

the surface of rGO (Fig. 52). The relative intensity of ID/ IG is a good indication for the amount 

of reduction of GO in the composite.  Thus, Table 4 summarizes the relative ratio of ID/IG for 

all the composite with different weight ratio and GO. In composite, ID/IG intensity ratio 

decreases from 1.17 (GO) to 0.73 (rGOT-0.1) indicating that level of reduction is enhanced 

with amount of TiO2. The 2D band observed at higher wavenumber (~2680 cm-1) is sensitive 

to the stacking of graphene sheets [190]. The peak position of 2D band is located at around 

2679 cm-1 and 2698 cm-1 for single layer and multilayer graphene sheet respectively. The 

intensity of 2D peak is also inversely proportional to the number of stacking of graphene sheet. 

In the present case, the 2D band is centred between 2696 and 2700 cm-1 for rGOT-1, 10 and 

GO while only rGOT-3 sample showed the peak position at 2680 cm-1 with highest intensity. 

Thus, 3:1 seems to be the optimum ratio for interaction between TiO2 and GO which leads to 

disintegration of stacking to form very few number of layers (233), if not single layer. The 

spectra acquired in lower wavenumber range (100-800 cm-1) for all samples are reported in 

Fig. 53. Raman bands observed at 148 cm-1, 397cm -1, 518 cm-1 and 640cm-1 are assigned to 

Eg, B1g, A1g and E1g modes of anatase phase of pure TiO2 nanoparticles (Fig. 53).  
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Table 4: Ratio of intensities of D and G band (ID/IG) and average lifetime values along with 

fitting parameters (τ1 and τ2 with their corresponding fractions f1 and f2) of the total decay, 

for pure TiO2, GO and rGO-TiO2 nanocomposites with different weight ratio. 

Raman spectroscopy of rGO-TiO2 composite with weight ratio 0.001, 0.01 and 0.1 does not 

show any significant shift in wavenumber of TiO2 phase. However, Raman modes of TiO2 in 

composites with higher weight ratio (1, 3 and 10) are suppressed due to the low concentration 

of TiO2 on the surface as a result of covering by rGO. 

 

Samples ID/IG τ
1 (ns)

 τ
2 (ns)

 f
1
 f

2
 τ

avg. (ns)
 

TiO2 - 0.370 1.320 0.208 0.792 1.120 

rGOT-0.001 Not 

visible 

0.382 1.380 0.296 0.704 1.080 

rGOT-0.1 0.730 0.592 1.366 0.322 0.678 1.110 

rGOT-1 0.770 0.706 2.720 0.115 0.885 2.480 

rGOT-3 0.860 0.855 2.600 0.147 0.853 2.350 

rGOT-10 0.880 0.846 1.820 0.231 0.770 1.600 

GO 1.170 - - - - - 
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Fig. 51: Raman spectra of GO and rGO-TiO2 nanocomposites in the higher wavenumber 

region. 

 
Fig. 52: Raman spectra of graphite and rGO-TiO2 (0.1, 0.01 and 0.001) nanocomposites in 

the higher wavenumber region. 
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Fig. 53: Raman spectra of GO and rGO-TiO2 nanocomposites in the lower wavenumber region. 
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        FTIR spectra of GO and rGO-TiO2 composites are illustrated in Fig. 54. In graphene 

oxide, a broad peak extending from 3700 cm-1 to 2700cm-1 corresponds to stretching and 

vibration of O-H bond and intercalated water molecules. The peak at 1614 cm-1 is assigned to 

skeletal vibration of C=C bond of unoxidized graphite. Additionally, the peaks centred at 1718, 

1373, 1226, 1026 and 959 cm-1 are attributed to vibrations and stretching of C=C, C-OH, C-O-

C and C-O (alkoxy) groups, respectively [188,189]. This result confirms that GO surface is 

mainly covered by hydroxyl, epoxy, carbonyl and carboxylic groups. However, after formation 

of rGO-TiO2 composite, there is significant decrease in the peak corresponding to oxygen 

containing functional groups confirming reduction of GO to rGO and formation of rGO-TiO2 

composite for both the range of loading. 

         In order to investigate the chemical nature of bonding and interactions at the interface 

between rGO and TiO2 after the formation of composite, XPS analysis of all the samples were 

conducted. The spectra of Ti 2p core level for TiO2 and rGO-TiO2 composites are shown in 

Fig. 55. For pure TiO2 (Fig. 55a), the two peaks located at 458.5eV and 464.2 eV are assigned 

to Ti4+ state in TiO2 for Ti 2p3/2 and Ti 2p1/2 levels, respectively. Both these peaks are 

maintained for rGOT-0.001 (Fig. 55b) and 0.01 (Figure not shown) where the amount of rGO 

is low. However, in other rGO-TiO2 composites, a positive shift by 1.1 to 1.2 eV was observed 

in both Ti 2p3/2 and Ti 2p1/2 levels (Fig. 55c-f). This shift is attributed to the strong interaction 

between rGO and TiO2 caused by electron transfer from TiO2 to rGO leading to the formation 

of Ti-O-C bonds.  These Ti-O-C bonds are highly beneficial because they act as a channel for 

fast transfer of electrons from TiO2 to rGO during photocatalytic process. For rGOT-10, where 

amount of rGO is the highest, the signal for Ti is merely detected, thus suggesting complete 

coverage of TiO2 with rGO and GO.  
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Fig. 54: FTIR spectra of GO, TiO2 and rGO-TiO2 nanocomposites with different weight ratios. 

        XPS spectra of C 1s level (Fig. 56) of GO and the series of rGO-TiO2 composites are 

deconvoluted into mainly three peaks with BE 284.8 eV, 286.1 – 286.7 eV and 288.2 – 288.6 

eV, corresponding to sp2 hybridized C-C bond, C-O-C bond and C=O bond, respectively. 

Comparison between all the composites and GO clearly indicates that after formation of the 

composite, peaks located at 286.1 – 286.7 eV and 288.2 – 288.6 eV reduces significantly due 

to removal of oxygen functional groups attached on the surface of GO, in the presence of light 

and TiO2 and subsequent conversion to rGO.  
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Fig. 55: XPS spectra of Ti 2p states for (a) TiO2, (b) rGOT-0.001, (c) rGOT-0.1, (d) 

rGOT-1, (e) rGOT-3 and (f) rGOT-10. 

 

Fig. 56: XPS spectra of C 1s states for (a) rGOT-0.001, (b) rGOT-0.1, (c) rGOT-1, (d) 

rGOT-3, (e) rGOT-10 and (f) GO. 

 

Fig. 57: XPS spectra of O 1s states for (a) TiO2, (b) GO, (c) rGOT-0.001, (d) rGOT-0.1, (e) 

rGOT-1, (f) rGOT-3 and (g) rGOT-10. 

        The core level of O 1s spectra of TiO2, GO and all the composites are presented in Fig. 

57. For pure TiO2 nanoparticle (Fig. 57a), the main peak of O 1s can be deconvoluted into two 

peaks, centred at around 529.8 eV, corresponding to Ti-O-Ti bond [191] and at higher BE 531.0 
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eV is attributed to the Ti-OH bond. On the other hand, in GO (Fig. 57b), single peak located 

at 532.5 eV is assigned to the presence of hydroxyl and epoxy groups on the surface of GO 

layer. The intensity of this peak reduces considerably for all the composites except for rGOT-

0.001 (Fig. 57c) and rGOT-0.01 (Figure not shown), where it is not visible. This again confirms 

that all oxygen containing groups on the surface of GO are reduced by introducing TiO2 and 

the degree of reduction increases with increasing the TiO2 concentration. For the sample with 

lower weight ratio (rGOT-0.001 and rGOT-0.01), the two peaks in O 1s level are exactly 

similar to that found in case of pure TiO2. On the contrary, for composites with other weight 

ratios i.e. rGOT-0.1 (Fig. 57d), rGOT-1 (Fig. 57e) and rGOT-3 (Fig. 57f), the peak attributed 

to O in TiO2 at 530.9 eV shows a positive shift of 1.1eV, similar to Ti 2p level. Therefore, it 

again validates the presence of strong bonding between rGO and TiO2 created by electron 

transfer from latter to former. This peak of TiO2 is completely absent in O 1s level of highest 

weight ratio rGOT-10 (Fig. 57g), suggesting absence of TiO2 on the surface owing to complete 

coverage by GO. Additional peak is detected at 533.2-533.3eV for higher concentration range 

of GO which is, after deconvolution, is assigned to Ti-O-C bond formed at interface of TiO2 

and rGO. No signature peak due to Ti-C bond with BE at 460.2 eV and 283.7 eV is seen upon 

deconvolution of Ti 2p and C 1s level [192,193] respectively, thus eliminating the possibility 

of Ti-C bond formation at the interface. This shows that TiO2 nanoparticles interact with GO 

by forming Ti-O-C bond with oxygen containing group on the surface of GO and not directly 

with graphene sheet. This channel in the form of Ti-O-C is highly useful for electron transfer 

during photocatalytic reaction. XPS results indicates that for lower GO loading (rGOT-0.001 

and 0.01), TiO2 is mainly present on the surface of the composite and even if interaction 

between rGO and TiO2 occurs, this is not with the TiO2 nanoparticles present on the surface. 

On the other hand, for higher GO loading, TiO2 nanoparticles on the surface display clear 

interaction with rGO present in form of Ti-O-C bond. At highest loading (rGOT-10), TiO2 is 

mostly wrapped by the GO sheets. 

        From the results so far, it is now established that photo-reduction process helps in 

formation of rGO-TiO2 composite and a channel is created in the form of Ti-O-C bond for fast 

transfer of electrons. This intimate interaction between TiO2 and rGO through Ti-O-C bond is 

expected to hinder the recombination process in TiO2. To investigate the recombination process 

in rGO-TiO2 composites, photoluminescence (PL) studies were carried out. PL spectra (Fig. 

58a) of all the composite samples including TiO2 shows four peaks around 420, 438, 485 and 

526 nm. The two peaks at 420 and 438 nm are due to relaxation from self-trap states whereas 

other two peaks at 485 and 526 nm are due to interband transitions [151]. From the PL spectra, 
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it is revealed that as the rGO:TiO2 ratio increases, peak intensity decreases and reaches a 

minimum for rGOT-10. The reduction in the peak intensity of PL spectrum confirms that 

addition of rGO reduces the recombination process in TiO2 by immediate electron transfer from 

TiO2 to rGO via Ti-O-C bond [194]. To further confirm this result, time-resolved 

photoluminescence (TRPL) studies were performed for all the samples.  

 

Fig. 58: (a) Photoluminescence emission spectra and (b) Time-resolved photoluminescence 

decay curve of pure TiO2 and rGO-TiO2 nanocomposites with different weight ratio. 

       Fig. 58b shows the TRPL decay curves measured for an integrated value of PL for pristine 

TiO2 and rGO-TiO2 composites. The decay curves are fitted by two-exponential decay 

functions comprising two time components, τ1 and τ2 corresponding to fast and slow decay 

components respectively. The logarithmic scale does make the result look like a stretched 

exponential but due to the relatively low stretching exponent ( 0.5), the fitting was done 

by bi-exponential decay functions. The fast component arises by electron and hole relaxation 

near band edge of TiO2 and slow component originates from recombination of excitons which 

are self-trapped at various defect sites in lattice or surface (such as oxygen vacancies, surface 

hydroxy group and other defects). The values of these components with the corresponding 

fractions are summarized in Table 4 along with the average life time value. In pure TiO2, the 

average lifetime of 1.12 ns is mainly dominated by slow component with fraction of 79% as 

compared to fast component (21%). For lowest GO loading (rGOT-0.001) the time component 

values are nearly same but fraction of slow component decreases to 70% as compared to 79% 

of TiO2 which results in slight decrease of overall lifetime to 1.084 ns. Similar decrease in 

average lifetime is also observed for rGOT-0.1 where the fraction of τ2 further decreases to 
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67.8% but the value of τ1 increases to 0.592 ns in comparison to TiO2 (0.370 ns). TiO2 

nanoparticles are in form of agglomerated clusters for lower ratio GO loading, where only few 

nanoparticles on the outside of cluster interact with GO to form rGO-TiO2 composite. In these 

interacting TiO2 nanoparticles, photo-generated electrons before being trapped by the defect 

sites are transferred to rGO, leading to decrease in fraction of slow component. But majority 

of TiO2 nanoparticles are not in contact with rGO, thus the overall lifetime is slightly lower or 

close to that of TiO2. In case of the high range GO loading, mainly for rGOT-1 and rGOT-3, 

the average lifetime value is more than doubled than that of TiO2 owing to the increase in τ1 

and τ2 values by more than two times. This increase in lifetime values can be directly linked to 

the formation of Ti-O-C bond between TiO2 and rGO, found for only higher ratio GO loading. 

Each TiO2 nanoparticle is well dispersed on 2D sheet forming distinct interfacial channel with 

rGO in form of Ti-O-C bond. Since conduction band minima of TiO2 (-4.2 eV) is higher than 

the work function of rGO (-4.4 eV), this Ti-O-C bond acts as a channel to immediately transfer 

the electrons from TiO2 to rGO after its photo-generation. PL and TRPL results suggest that 

interaction between TiO2 and rGO is an important factor to reduce recombination process in 

rGO-TiO2 composite. 

5.3.1 Photocatalytic activity 

       To investigate the effect of loadings variation of GO in rGO:TiO2 towards their 

photocatalytic performance,  photodegradation of p-NP was carried out. For all measurements, 

the amount of TiO2 was kept constant (2.5 mg), so as to ensure that the amount of photocatalyst 

is same in all the samples. Fig. 59a shows the graph of photocatalytic degradation of p-NP 

under Xenon light irradiation for pure TiO2 and rGO-TiO2 composites. It is evident that rGO-

TiO2 composites show better photocatalytic activity as compared to unsupported pure TiO2, 

irrespective of the weight ratio value. One can observe that as the weight ratio is increased, the 

photo-degradation efficiency increases until the value becomes 3:1. On further increasing the 

amount of GO (rGOT-10), photoactivity starts decreasing. This implies that rGOT-3 with 

GO:TiO2 weight ratio of 3:1 portrays the most suitable scenario that assists in improving the 

photocatalytic performance by 3.5 times as compared to pure TiO2.  
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Fig. 59: Comparison of photocatalytic degradation of p-NP under (a) Xenon irradiation 

and (b) UV light irradiation for pure TiO2, GO and rGO-TiO2 nanocomposites. 

        To understand the reasons for better photocatalytic performance of rGO-TiO2 composites, 

rGOT-3 in particular, one need to understand the differences in pristine TiO2 and the composite 

samples. Two major modifications take place in the properties of composite samples when 

compared to pure TiO2: (a) increase in the absorption of visible light spectrum and (b) decrease 

in the recombination of photogenerated charge carriers. The presence of rGO with a bandgap 

less than 2.2 eV is mainly responsible for absorption of visible light, as confirmed by UV-

Visible spectroscopy. Additionally, in composite samples, marginal narrowing of TiO2 

bandgap was also observed, which is due to the formation of Ti-O-C level above the VB. This 

phenomenon also contributes to the improved utilization of visible spectrum. The reduced 

recombination rate is a consequence of the fast electron transfer from TiO2 to rGO at the 

interface of the composite. According to XPS results, strong interaction between TiO2 and rGO 

is developed at the interface due to the formation of Ti-O-C bonds. The conduction band 

minimum of TiO2 (-4.2 eV) is higher than the work function of rGO (-4.4 eV) which assists 

the fast transfer of electrons from TiO2 to rGO through interfacial channel to reduce the 

recombination rate as also confirmed by PL and TRRL spectroscopy. 

         To identify which of the two factors, absorption of visible spectrum or decrease in 

recombination rate, is dominant in improving the photocatalytic performance, more 

experiments were performed. As rGO is a low bandgap material, it is mainly responsible for 

enhancement in absorbance of visible spectrum in the composite samples. In order to 

investigate the possibility that GO absorbs visible light under xenon lamp and the enhancement 
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in rGO:TiO2 composite is due to extended absorption in visible region, the photo-degradation 

tests were carried out under UV light irradiation, as shown in Fig. 59b. In these measurements 

also, the amount of TiO2 was kept constant (2.5 mg) to make a fair comparison. Even under 

UV irradiation, rGOT-3 shows the highest activity, similar to that under Xenon irradiation. 

This confirms the fact that TiO2 is the dominant photocatalyst in the composite and visible light 

absorption is not the main reason for enhancement in their photocatalytic performance. Thus, 

charge separation at the interface is the major factor controlling the photocatalytic performance 

in rGO-TiO2 composites. In rGOT-3, the amount of GO is 3 times that of TiO2. This raises a 

concern that the observed photocatalytic activity can also have contributions from the excess 

amount of GO and not purely due to enhanced charge separation at the interface. To shed more 

light on this concern, GO powder in an amount equal to thrice the value of TiO2 (i.e. 7.5 mg) 

was tested individually for photo-degradation under UV and Xenon light, as shown in Fig. 59b 

and 59a respectively. On comparing the activity graphs of rGOT-3 and GO, clear difference 

in their photo-degradation activity is observed, which indicates that enhancement in 

photoactivity is purely due to the interaction between rGO and TiO2 at the interface, rather than 

due to excess amount of GO.  

         This result also indicates that higher GO loading (rGOT-1, 3 and 10) displays 

significantly improved photocatalytic activity as compared to lower GO loading (rGOT-0.001, 

0.01 and 0.1). TEM and XPS results shows that for higher GO loading TiO2 nanoparticles are 

well dispersed on the 2D sheet to form distinct interfacial channel with rGO in the form of Ti-

O-C bond, for fast electron transfer. This effect is optimum for weight ratio of 3:1 thus leading 

to highest degradation rate with minimum recombination processes. For highest loading 

(rGOT-10), slight decrease in the activity is observed which is due to the wrapping of TiO2 

nanoparticles by excess amount of GO present in the composite as evidenced by the absence 

of TiO2 peaks in XPS and Raman spectra of the surface. The surface coverage not only prevents 

light to reach on TiO2 but also avoids the interaction between TiO2 active sites and organic 

pollutants leading to reduce activity. In case of lower GO loading, TiO2 nanoparticles are 

mostly in aggregate state on the surface out of which only fewer nanoparticles are able to 

interact with GO and form Ti-O-C channel for electron transfer. Thus all the above results are 

able to clarify the role played by the formation of interface between rGO and TiO2 and establish 

as the most important factor in rGO-TiO2 composite.  
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5.4 Conclusion  

      rGO-TiO2 composites with different GO loading from low to (rGOT-0.001, rGOT-0.01 and 

rGOT-0.1) to high GO (rGOT-1, rGOT-3 and rGOT-10) concentration range were synthesized 

using photoreduction method to investigate the effect of GO loading on morphological, 

interfacial, structural, optical and electron transfer dynamics in resultant composite. The 

following differences in various properties are listed below. 

Techniques High concentration (rGOT-1, 3 

and 10) 

Low concentration (rGOT-0.001, 

0.01and 0.1) 

XRD, 

Raman, 

FTIR, XPS 

Incomplete reduction of GO to 

rGO due to insufficient amount of 

TiO2 nanoparticles. 

Complete reduction to rGO. 

TEM Well dispersed TiO2 nanoparticles 

on rGO sheets. 

Agglomerated clusters of TiO2 

nanoparticles covering over rGO. 

XPS Each nanoparticle is strongly 

interacting with rGO in form of Ti-

O-C bond at interface. 

No visible sign of Ti-O-C bond is 

observed. 

UV-Vis Visible light absorption in whole 

range due to presence of low band 

gap rGO and GO. 

Slight red shift in the absorption edge of 

TiO2. 

PL, TRPL The amount of recombination 

processes significantly reduced 

with prolonged carrier lifetime due 

to fast transfer of electron through 

Ti-O-C channel.  

Amount of recombination process is 

lower than TiO2 nanoparticles but 

carrier lifetime slightly decreases. 

 

      All the above mentioned properties led to higher photocatalytic activity for degradation of 

phenol for higher concentration GO loading as compared to TiO2 as well as lower range 

composites. Among all, the weight ratio, rGOT-3 showed the best performance under both 

Xenon and UV lamp owing to better dispersion of each nanoparticles which allows to form 

strong interaction with rGO creating Ti-O-C channel at interface. Marginal decrement in 

activity at the highest weight ratio of 10:1 is due to excess amount of GO which results in 

wrapping of TiO2 active sites for photo reaction as well as blocking of light.  
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Chapter 6: WO3 nanostructures produced by pulsed laser 

deposition for solar photocatalytic water remediation 

 

Preview:        The increasing interest for addressing photocatalyst materials towards an 

effective application under direct sunlight is an important topic in materials 

science. We present here an investigation of monoclinic tungsten trioxide (m-WO3) 

coatings fabricated by pulsed laser deposition (PLD), with the aim of providing a 

nanostructured photocatalyst capable of working with concentrated sunlight and 

exhibiting good stability in acidic environment. The photocatalytic activity was 

evaluated in both direct photocatalysis and photo-Fenton mode for Methylene Blue 

(MB) dye degradation under artificial light and concentrated solar light from a 

parabolic dish concentrator (PDC). The results were analysed and demonstrated 

good photocatalytic activity under photo-Fenton conditions with best activity in pH 

4. A detailed study is reported ahead. 

                            Being the main author of this to-be published work, my contribution includes 

the fabrication of m-WO3 coatings, performing photocatalytic measurements in the 

lab as well as with the PDC system, material characterization and drafting the 

manuscript. 

 

6.1 Introduction 

       The population growth and the consequent increase of industrial activities have been 

directly affecting the environmental behavior [195,196]. Water quality is a matter of important 

concern due the observation of the decrease in the number of available potable water sources 

[197]. Precautions and strong environmental actions such as forests restructuring and 

conservation have been attempting to sustain weather equilibrium and water quality [198–200]. 

On the other hand, contaminated water residuals from industrial activities require constant 

development of remediation measures as far as new chemical processes are employed 

[201,202]. Some scientific and technological developments in terms of products still present a 

technological gap neglecting the complete life cycle chain and not taking into consideration 

proper predictions to the direct and indirect effects that can impact water quality and 

consequently the environment [203,204]. In terms of contaminated water remediation, for the 

last 40 years, a field of industrial research has been employing advanced oxidation processes 
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(AOP) for the removal of recalcitrant agents present in water. AOPs present the properties to 

form highly reactive chemical species to convert organic molecules into inorganic carbon by 

mineralizing them [205]. Solutions in terms of AOPs have received special attention to 

applications employing heterogeneous photocatalysis which are capable of generating 

oxidizing radicals by light exposure [206,207]. Heterogeneous routes are presented as 

interesting solutions due to the enhanced possibility of controlling reaction rates using a 

supported catalyst, which can be inserted or removed immediately during a reaction, thereby 

demonstrating advantages when compared to homogeneous routes, which require post 

processing treatments for the catalyst removal [13]. 

       The possibility to use semiconductor materials as catalysts have been investigated with 

special attention, for example, TiO2 as a catalyst material [174,208], when employed in anatase 

form, presents high photoactivity in presence of UV light. Its photoexcitation properties show 

activation in the range between 300 to 388 nm [209]. However, the use of artificial light sources 

to activate the photocatalytic effect is commonly mentioned with the counterpoint that this type 

of illumination procedure turns the decontamination process economically ineffective 

[150,151,210–212]. Other materials such as ZnO, Fe2O3, CdS, GaP, Co3O4, ZnS are also 

presented in the literature with approaches looking for the possibility of using the solar light as 

the activation source [84,87,94,107,213–216]. Since the late 80’s, solar installations have been 

designed to water remediation, initially developed for the use of mirrors capable of reflecting 

UV light, by polished anodized aluminum coated with acrylic polymers, which turn the 

processing expensive [217,218]. Engineering configurations for solar mirrors were also 

developed, in terms of concentrating and non-concentrating solar systems [219]. The use of 

commercial silver coated glass mirrors also gained interest as long as the photocatalytic 

materials were able to perform absorption of solar light in the near UV and visible spectrum 

[220–222]. An important number of literatures report the combined use of both concentrating 

and non-concentrating solar systems with advancements over the benchmark commercial TiO2 

evidencing improvements towards the activation of photocatalyst reducing the need of artificial 

light sources  [223–229]. Thus, it is of utmost importance to explore different photocatalysts 

apart from TiO2 for solar applications. 

       In this context, semiconductors with promising possibilities to be employed as 

photocatalysts capable of being activated by sunlight and explored in a variety of applications 

in the literature are  tungsten (W) and tungsten oxide based materials [230–235]. Their 

properties present the possibility to work in the near-UV light range, since the bandgap of 

tungsten oxide (WO3) is at 2.6 eV, meaning a photoactivation in the range of 474 nm. 
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Moreover, Pourbaix diagrams presented for tungsten oxides demonstrate a favorable stable 

catalytic activity under acidic pH conditions, which is a general rule in industrial processes 

[236]. 

     Important investigations were published comprising of the features possible for WO3 

applications, such as special coating to promote adsorbance [237], sensors [238–243], 

electrochromic devices [244,245] and photoanodes [246–251]. It is also observed that 

employing tungsten oxide structures as photocatalysts for water remediation can be explored 

[252–257]. Initial researches have pointed out positively the employment of such materials. 

Furthermore, advances on the employment of fabrication methods such as Pulsed Laser 

Deposition (PLD) can lead to novelties in terms of controlled crystallinity, film thickness and 

morphology along with the possibility of obtaining 3D hierarchical nanostructures [258–262] 

by varying the parameters such as the laser fluence, deposition pressure and gas assistance. The 

combined innovation of producing photocatalysts with controlled properties and its use under 

natural light source can be the alternative to explore water remediation under solar exposure. 

       In this work we propose the fabrication by PLD of a monoclinic nanostructured “flower-

shape like” tungsten oxide (WO3) coating with the features to work under near UV-visible light 

absorbance, stable in acidic environments and capable of working with a low-cost solar 

concentration apparatus. The deposition was performed in oxygen atmosphere with the PLD 

target made of metallic tungsten powder pressed with boric acid which served the purpose of a 

binding agent. The deposited samples were later thermally annealed to obtain the monoclinic 

WO3 phase. The m-WO3 coatings were tested as photocatalysts for degradation of Methylene 

Blue (MB) as a model pollutant under photo-Fenton reactions. The validation studies were 

performed in lab scale with artificial visible light lamps and upon optimization were tested for 

scaling process in a solar parabolic dish concentrator (PDC) type system under natural sunlight. 

6.2 Experimental  

6.2.1 Synthesis 

    Tungsten metallic (W) and boric acid (H3BO3) powders were mixed in an appropriate ratio 

and the prepared mixture was compressed in the form of a disc to be used as a target for the 

deposition of tungsten oxide coatings by PLD. A KrF excimer laser (Lambda Physik) with an 

operating wavelength of 248 nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used 

for deposition. The fluence of the laser was always maintained at 4.5 J/cm2 for ablation. The 

PLD apparatus details and the mechanisms involved in the laser matter interactions are 
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presented in our past reports [60,105,263]. The PLD chamber was evacuated up to a base 

pressure of 10-6 mbar prior to all the depositions. Deposition of the coatings were carried out 

in an oxygen atmosphere at pressures of 1.5 x 10-2 mbar. The target to substrate distance was 

fixed at 4.5cm with the substrate positioned parallel to the target and the number of pulses used 

were 10k. The coatings were deposited on glass and Si at room temperature. Thermal annealing 

of the deposited coating was carried out in air at 600ºC for 8 h with a heating rate of 5 ºC/min. 

6.2.2 Characterization 

     A Scanning Electron Microscope (SEM-FEG, JSM 7001F, JEOL) with 20keV electron 

beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET-

x3) was used for examining the surface morphologies of all the samples prepared by PLD. 

Structural characterization was performed using X-Ray Diffractometer (XRD) with Cu K 

radiation ( = 1.5414 Å). Micro-Raman spectroscopy was performed using a Labram Aramis 

Jobin-Yvon Horiba -Raman system equipped with a He-Ne laser source (632nm). Absorption 

spectra were obtained with UV-VIS-NIR absorption spectrophotometer (Varian Cary 5000 

UV-VIS-NIR absorption spectrophotometer). 

6.2.3 Photocatalytic activity 

    The photocatalytic activity of the synthesized samples were evaluated by studying the 

degradation of model MB dye solutions in presence of H2O2 and light. 30ml of MB dye (10 

ppm) mixed with 1ml of H2O2 (1M), as an oxidizing agent, in an aqueous solution was used 

for degradation by photo-Fenton reaction. The catalyst coatings (prepared on glass slide of area 

2.5  7.5 cm) were dipped in the above prepared MB dye solution and kept in the dark for 30 

mins at constant stirring to establish adsorption equilibrium between the solution and the 

catalyst surface. After dark reading, a tungsten lamp (225W) emitting mostly visible light was 

used as the light source. 1ml of MB dye solution was collected after fixed intervals of time 

during the reaction to study the amount of degradation by measuring the UV-Vis absorption 

spectra and analyzing the characteristic peak of MB at 664 nm. All the photocatalysis 

experiments were performed at room temperature. CO2 evolution was followed in selected 

experiments by an IR sensor (COZIR Wide range 5) placed in proximity of the solution surface. 

Note that since the reactor is open, the measurement is not quantitative, but can only show a 

variation in the atmospheric level of CO2. 
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6.2.4 Solar Concentrator photocatalytic measurements 

      The solar scaling-up experimentation was performed by studying the degradation of MB 

dye as model pollutant in the same concentration as the lab experiments. At this time, instead 

of 30 ml, degradation of 2 liters of 10 ppm MB dye solution was tested for each of the four 

different solar experimental conditions: 1) Concentrated sunlight + WO3 catalyst + 0.6 ml of 

H2O2 (corresponding to concentration of 0.1M) as the oxidizing agent for photo-Fenton 

reaction, 2) Concentrated sunlight + 0.6 ml of H2O2, 3) Concentrated sunlight + WO3 catalyst 

and 4) Concentrated sunlight exposure only. Regarding H2O2, the concentration of H2O2 

employed in laboratory experiments was 1M (Molar), in the solar concentrator experiments, 

due to an observation of a dominant process regarding the direct photocatalysis of H2O2 by 

solar light photons, the concentration was reduced to 0.1M (10 times less). The WO3 catalyst 

material was deposited on a glass slide with dimensions of 7.5 x 2.5 cm, the weight of the 

catalyst was approximately 4 mg on each glass slide. The glass slides were inserted inside a 

quartz glass tube of approximately 150 ml volume that was used as the reactor to be focused 

towards the reflected sunlight. The quartz tube was sealed at one end and closed by a three-

port lid on the other end. One port hosts a thermocouple for temperature monitoring, and the 

other two ports are the inlet and outlet for the MB solution circulation. A pumping system was 

used to promote the circulation of the solution provided by a diaphragm pumping system with 

volume flow rate of 5 L/h. The tubing circuit was polyamide pipes connected to a cooler with 

monitored temperature. 

       The solar concentrator apparatus setup employed was designed, built and patented by IdEA 

group from the University of Trento [264], the setup has low operation and maintenance costs 

and consists of an automatic tracker (PDC) with 5 m diameter, with the focus located at 2.5 m 

distant from the mirrors. It is designed to assemble a maximum of 24 coated silver glass mirrors 

in individual segments (each of 0.76 m2 area), providing a concentration factor of up to 870x 

on a circular spot of approximately 5.8 cm diameter [265]. Fig. 60 presents the working scheme 

and the solar apparatus used in the work. The solar intensity was constantly measured using a 

pyrheliometer (Kipp & Zonnen CHP1).  In this study, to compare the prevalence effects 

between the concentrated sunlight and the H2O2 concentration, only one module of mirror was 

mounted on the system. 1 ml of MB dye in circulation solution was collected every 30 minutes. 

All the photocatalysis experiments were performed at controlled temperature range between 

20 and 30 °C. 
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Figure 60: concentration scheme [94] and solar apparatus for solar water purification used 

in this work. 

 

6.3 Results and Discussions 

      The as-deposited (AD) as well as the AN600 coatings were studied by SEM to get insights 

on the surface morphologies and the changes that occur up on annealing. The AD sample (Fig 

61a and 61b) shows particle like morphology with a varied particle size distribution from tens 

of nanometer to few micrometer. This kind of morphology is expected owing to the phase 

explosion process which comes close to the thermodynamic critical temperature upon 

irradiating with high laser fluence. On the other hand, AN600 sample (Fig 61c and 61d) shows 

the particle like morphology evolve into well-grown flower-like structures depicting 

completely different morphology. 

      The absorption spectra were acquired for the as-deposited and AN600 (WO3) samples in 

the range of 350-600 nm (Fig. 62). AN600 (WO3) sample shows a clear absorption edge with 

an absorption maxima around 472 nm which is in line with the absorption of WO3 samples 

reported in literature. 
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Figure 61: SEM images of (a & b) as-deposited [AD] samples, (c & d) of AN600 samples. 
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Figure 62: Absorption spectra for as-deposited and AN600 samples. 
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Figure 63: a) XRD spectra and b) Raman spectra for as-deposited (AD) and AN600 samples. 

      XRD measurements were also done on the as-deposited (AD) and annealed sample 

(AN600) to identify the crystal structure and the XRD spectra are shown in Fig 63a. The XRD 

pattern for AD coating shows H3BO3 and metallic tungsten (W) peaks. No other phases were 

detected in the sample thereby maintaining the same composition as that of the PLD target. 

On annealing at 600°C, all the displayed peaks are associated to monoclinic WO3 phase 

(JCPDS Card No. 43-1035) with no other phase present.   Micro-Raman spectra were acquired 

to investigate the presence of tungsten oxide phase and the spectra for as-deposited (AD) and 

AN600 samples are shown in Fig. 63b. The Micro-Raman spectra of AD coating and the 

sample annealed in air at 600°C are reported in the range of 100 to 1000 cm-1. The broad 

nature of the peaks with low intensities in AD sample indicate the amorphous nature of the 

film. Upon annealing at 600°C, the peaks are intensified and are well matched with the 

monoclinic phase of WO3. The peaks at 716 and 806 cm-1 correspond to the ν(O-W-O) mode 

of WO3 while the peaks at 271 and 327 cm-1 are due to bending vibration (O-W-O) [266]. 

      The effectiveness of the synthesized tungsten oxide coating (AN600) as a photocatalyst 

was studied by using it for degradation of model MB dye through a photo-Fenton reaction 

involving H2O2. The variation in the MB dye concentration as a function of irradiation time 

was measured by monitoring the variation in the characteristic absorption peak at 664 nm. 

Adsorption is the major prerequisite condition for any heterogeneous catalytic reaction, thus 

all the catalyst coatings were kept stirring in the dye solution under dark for 30 min. 
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      The photocatalytic degradation was performed for separate degradation of MB dye, (1) in 

presence of light only, (2) with added H2O2 and light, (3) with coating annealed at 600˚C and 

light, and (4) combination of all three (H2O2, light and catalyst) [Fig. 64]. In 120 mins, the 

degradation of MB dye in light is only 34% which increases to 51% after inclusion of H2O2. 

Finally adding tungsten oxide coating along with H2O2 and light the degradation reaction is 

almost completed (about 96%) in 120 mins. This indicates that the catalyst coating follows 

photo-Fenton reaction by generation of OH• radicals by dissociation of H2O2. Most 

importantly, the catalyst coating is also able to degrade 74% of MB dye in absence of H2O2. 

This suggests that the tungsten oxide catalyst coating also works as a pure photocatalyst which 

might be able to generate hydroxide radicals from adsorbed H2O on the surface. Although the 

involvement of H2O2 is very useful, the catalyst coating can however also be utilized without 

H2O2. CO2 emission measurements were also done for the experiments involving the catalyst 

(with and without H2O2) and the CO2 emission graphs are reported below (Fig. 65a & 65b). 

The added confirmation of photo-Fenton and photocatalysis without H2O2 experiments are 

clearly given by the evolution of CO2 as soon as light is irradiated on the catalyst coating. The 

OH• radicals generated in both the cases mineralize the MB dye giving CO2 as the by-product. 
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Figure 64: Percentage degradation of MB dye after 120mins in presence of AN600 coating, 

H2O2 and visible light. 
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Figure 65: CO2 evolution during MB degradation by AN600 sample (a) in presence of visible 

light without H2O2 (b) in presence of H2O2 and visible light. 

    The photocatalytic activity of MB dye was also tested in presence of WO3 coatings 

(AN600) in different pH (Fig. 66). The best activity was seen for pH 4 which is as expected 

because photo-Fenton reactions as well as WO3 catalyst both have ideal/stable conditions in 

the pH range 3-5.   
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Figure 66: Effect of pH on photocatalytic degradation of MB by AN600 sample in presence 

of H2O2 and visible light. 

       In the solar concentrator experimental setup, the role of light, H2O2 and catalyst, in catalytic 

degradation was evaluated in the same way as in the lab scale photocatalytic degradation by 

performing the separate degradation of MB dye, (1) in presence of concentrated light only, (2) 
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with added H2O2 and concentrated light, (3) with coating annealed at 600˚C and concentrated 

light, and (4) combination of all three (H2O2, concentrated light and catalyst) [Fig. 67]. In 120 

mins, the degradation of MB dye in light is about 54% which increases to 63% after inclusion 

of H2O2. Finally adding tungsten oxide coating along with H2O2 and light the degradation 

occurs significantly higher with about 85% degradation in 120 mins. This indicates that the 

catalyst coating follows photo-Fenton reaction by generation of OH• radicals by dissociation 

of H2O2. 
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Figure 67: Percentage degradation of MB dye after 120mins under concentrated sunlight in 

presence of AN600 coating and H2O2. 

    

6.4 Conclusions 

       m-WO3 nanostructured coatings were prepared by PLD for photocatalytic application for 

the first time to our knowledge. PLD targets were prepared by a mixture of metallic W and 

H3BO3. The as-deposited (AD) samples were thermally annealed at 600 °C for forming 

monoclinic phase of “flower-shape like” nanostructured WO3 coating. The WO3 nanostructured 

coatings were tested for photocatalytic MB dye degradation and the coatings showed enhanced 

photocatalytic degradation of MB dye under photo-Fenton conditions. The enhanced 

photoactivity can be attributed to the surface morphology that provides high surface area 

thereby acting as an efficient adsorber that allows an enhanced interaction between the dye 
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molecules and the active sites for photocatalytic reactions. Solar scaling-up experiments were 

employed to eliminate the use of an artificial source of light thereby making the whole process 

economically efficient for low-cost industrial applications. The WO3 coatings showed good 

results in the solar PDC setup under photo-Fenton conditions thus expanding the outreach of 

the synthesized coatings. This work turns into a promising possibility for further photocatalytic 

studies on WO3 coatings fabricated by PLD under concentrated sunlight thereby moving 

towards the use of free, renewable solar energy. 
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Chapter 7: Pulsed laser deposition of nickel oxide films with 

improved optical properties to functionalize solar light absorbing 

photoanodes and very low overpotential for water oxidation 

catalysis 

 

Preview:          Transition metal oxide coatings of nickel oxide show good electrochemical 

activity as photoanodes for Oxygen Evolution Reaction (OER). Pulsed Laser 

Deposition (PLD) was used to fabricate nanostructured NiOx coatings of different 

morphologies, namely compact and porous. Electrochemical measurements were 

performed on both the morphologies along with optical measurements to evaluate 

the use as co-catalysts on solar absorbers in photoelectrochemical cell (PEC). A 

detailed study of different film thicknesses, morphologies and in-depth 

electrochemical measurements are reported in this chapter. 

                            My contribution to this work includes the Pulsed Laser Deposition of thin 

NiOx coatings and the electrochemical measurements and its 

analysis/interpretation. 

 

 

The content of this chapter is adopted from; 

Alberto Mazzi, Michele Orlandi, Nicola Bazzanella, Yaksh J. Popat, Luca Minati, Giorgio 

Speranzaa and Antonio Miotello, Materials Science in Semiconductor Processing 97 (2019), 

29-34. https://doi.org/10.1016/j.mssp.2019.02.036 

© 2019 Elsevier Ltd. All rights reserved. 

 

7.1 Introduction 

      NiOx based materials are employed in a variety of applications: mesoporous NiO is widely 

used as a photocathode material in dye-sensistized solar cells and photoelectrosynthetic cells 

[267–271], the Ni(OH)2/NiOOH hydroxide/oxyhydroxide system is found in rechargeable 

batteries [272], the electrochromic behavior of NiO/Ni(OH)2/NiOOH thin films is exploited 

in smart windows and displays [273–276]. Both the hydroxide and the oxyhydroxide are 

reported to be good water oxidation catalysts (WOC) [277,278], with an onset overpotential 

of about 400 mV in the case of pure nickel oxides [279,280]. The catalytic performance of 

https://doi.org/10.1016/j.mssp.2019.02.036
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nickel oxide are significantly improved through the incorporation of iron, with an 

overpotential of 280 mV at 10 mA cm-2 and a 40 mV/decade Tafel slope [280,281]. 

       The development of cheap, efficient and scalable materials as WOC is crucial in the 

technology of electrochemical water splitting and even more for the photoelectrochemical 

version [89]. The oxygen evolution reaction (OER) is indeed a kinetically slow process, 

requiring the exchange of four carriers to produce one oxygen molecule. Among inorganic 

heterogeneous catalysts, noble metal based materials as IrOx and RuOx are currently 

considered as a benchmark for WOC performance in acidic media [282], with as small an 

overpotential as 190 mV at 1 mA cm-2 for amorphous iridium oxide [283]. On the other hand, 

in recent years, amorphous transition metal oxides based on iron, cobalt and nickel gained 

increasing attention because of their stability and promising performances as WOC in alkaline 

media [277,278,284–286]. When WOCs are applied as co-catalysts for the functionalization 

of semiconductor-based photoanodes, they need to match additional requirements in order to 

effectively improve the photoelectrode performance. Once the thermodynamics of the 

photoanode/WOC system are favorable, the morphology of the WOC becomes crucial: 

porous layers permeable to ions favor the formation of adaptive junctions [287] and, 

depending on the dimensions and roughness, may exhibit high transmittance in the visible 

range, due to reduced reflectance and/or quantum confinement [288,289]. Both these features 

generally improve photoelectrochemical cell (PEC) performance, by enhancing charge-

separation and reducing non-effective light absorption by the WOC layer [290]. 

      A nanosized porous morphology would thus allow to obtain high catalytic performance 

with a minimal amount of catalyst. This is of crucial importance in the case of amorphous 

NiOx used as a WOC. In fact, nickel oxide is well known as an anodic electrochromic 

material, becoming black at moderate positive biasing [275]. 

      Pulsed laser deposition (PLD) is a thin-layer fabrication method based on the ablation of 

a target material by high fluence laser pulses, followed by deposition of the ablated material 

on a substrate. Several key parameters (laser fluence, background atmosphere composition, 

pressure, substrate temperature, target-to-substrate distance, number of pulses) can be 

adjusted to control structure and morphology of the deposited material at the nanometric scale 

[291–294]. It is worth noting that this can be achieved while keeping the material amorphous, 

which is known to greatly enhance catalysis performance in several metal-oxides, among 

which NiOx [277]. PLD is thus an ideal instrument to fine-tune optical and catalytic properties 

of materials.  
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     In this investigation, Nickel oxides coatings were deposited through PLD on fluorine-

doped tin oxide (FTO) transparent conducting layers. Depositions at 300°C (DEP300) or at 

room temperature followed by post-deposition annealing at 300°C (AN300) led to very 

different morphologies, compact and highly porous respectively. The obtained catalyst layers 

were characterized through scanning electron microscopy (SEM), X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy. Optical properties were investigated by UV-

VIS-NIR spectrophotometry and the electrocatalysis performance as WOC was evaluated by 

voltammetry and Tafel analysis. 

7.2 Materials and Methods 

     Thin, porous Ni oxide coatings were deposited through PLD on FTO-coated glass 

electrodes. The substrates were cut as 15×25 mm slides and cleaned by successive ultrasonic 

treatments in acetone and 2-propanol. The PLD process was carried out in a vacuum chamber, 

by focusing a KrF excimer laser beam (Lambda Physik LP 220i) on a pure nickel target 

(Sematrade, 99.95%). The laser was operated with a wavelength of 248 nm, pulse duration of 

20 ns, repetition rate of 20 Hz, and laser fluence of 2.0 J cm-2. The substrates were placed at 

a distance of 5.5 cm from the target surface, parallel to it. The PLD chamber was evacuated 

prior deposition to a background pressure of 10-4 Pa. Nickel oxides were obtained by applying 

an oxygen controlled flux with equilibrium pressure of 45 Pa during the deposition process. 

Further details of the PLD setup are available elsewhere [60]. Films of different thickness 

were obtained by changing the number of laser pulses, between 2,000 (2k) and 20,000 (20k). 

The substrate temperature was either room temperature or 300°C (samples indicated as RT 

and DEP300, respectively). In the case of deposition at room temperature, in order to obtain 

a stable electrochemical response, a post-deposition treatment at 300°C for 2h in air was 

required (AN300). 

    Scanning electron microscopy (SEM) analyses were performed with a SEM-FEG JSM-

7001F JEOL microscope, operated at 20 keV electron beam energy. The XPS measurements 

were carried out using a Kratos Axis DLD Ultra. Wide scans were acquired in the binding 

energy (BE) energy range 1200–0 eV using a 160 eV pass energy, while high resolution core 

line spectra were performed setting the analyzer pass energy at 20 eV and the energy step at 

0.05 eV. Spectra were analyzed using a home-made software based on R platform.  

    The vibrational modes and short-range order of the coatings deposited on FTO substrates 

were studied via Raman spectroscopy, using a Labram Aramis Jobin- Yvon Horiba micro-
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Raman apparatus equipped with a He-Ne laser source (632.8 nm). The optical properties and 

the electrochromism of NiOx coatings were analyzed with a Varian Cary 5000 UV-VIS-NIR 

absorption spectrometer. The electrochemical measurements were performed using a Gamry 

potentiostat/galvanostat/ZRA Interface 1000 in a three-electrode cell configuration. The 

experimental setup included a saturated calomel electrode (SCE, 0.244 V vs. standard 

hydrogen electrode SHE) used as reference electrode, a Pt-mesh as counter-electrode and a 

150 ml 1.0 M KOH solution as electrolyte. The geometric area of FTO/NiOx electrodes under 

analysis was 1 cm2. A conductive copper-based adherent tape was applied to a bare portion 

of FTO to provide a good electric contact with the electrode holder. All the electrochemical 

measurements were performed in static solution. Cyclic voltammetries (CV) were collected 

at 100 mV s-1 while linear-sweep voltammetries (LSV) were collected at a 10 mV s-1 scan 

rate. iR drop compensation was applied only for LSVs. Electrochemical potentials reported 

in this paper are relative to the reversible hydrogen electrode (RHE), with pH correction, 

unless otherwise indicated: 

 

 

7.3 Results and Discussion 

    PLD technique is based on the laser ablation of a solid target and on the deposition of the 

ablated material on a substrate after a short flight in vacuum or in a reactive atmosphere. In 

the case of the nanosecond laser ablation of metals, material removal occurs through thermal 

processes, mainly vaporization and phase explosion [295,296]. In our case, given the 

relatively low laser fluence of 2.0 J cm-2, it is reasonable to expect that the ablation process 

mainly proceeds through vaporization. The relatively high oxygen pressure in the PLD 

process (45 Pa) results in a collisional regime of the ablated material [297], which also 

combines with oxygen through chemical reactions. The collisional processes are expected to 

contribute significantly to nanoparticle (NP) formation in the ablation plume, which are then 

deposited on the substrate. 

     The two synthesis routes, DEP300 and AN300, were designed to provide a different film 

morphology, but with the same amount of catalyst. Indeed, in the PLD process, the ablation 

yield depends on laser parameters and on the thermophysical quantities of the target material 

[298], while the deposition rate is also related to the eventual presence of a gas atmosphere 

 𝐸RHE = 𝐸applied + 0.244 V + 0.059 𝑝𝐻. 
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and to the geometrical parameters of the experimental setup. The substrate temperature, on 

the other hand, mainly affects the cooling process of the ablated high temperature material 

(vapor and NPs) that strikes the substrate surface. Thus, keeping constant all parameters 

except the substrate temperature, the quantity of deposited material will not change. Due to 

the higher substrate temperature in the case of DEP300 compared to AN300, the 

nanostructures that aggregate to the substrate surface undergo a slower cooling process. 

Indeed, similarly to our recent results obtained with iron oxide [294], AN300 shows a highly 

porous morphology, compared to DEP300, since in the latter case the slower cooling allows 

some particle mobility and agglomeration. 

    Top-down SEM images shown in Fig. 68 are consistent with this interpretation. We can 

see in Fig. 68 (b) and (d) that both DEP300 2k and AN300 2k (2k=2,000 laser pulses) 

resulted in a complete covering of the FTO layer with nickel oxides. In particular, in the case 

of DEP300, the morphology we observe is compatible with an assembled-NPs coating, while 

AN300 shows smaller scale nanostructures with a higher porosity. 

     The difference in film morphology obtained through the two processes is more evident in 

Fig. 69, which shows a cross-section view of DEP300 20k (a) and AN300 20k (b) 

(20k=20,000 laser pulses) deposited on flat silicon substrates. While DEP300 appears as a 

compact film of agglomerated nanoparticles, AN300 shows a foamy structure. Film thickness 

in the case of DEP300 20k is estimated between 50 and 100 nm; on the other hand it is hard 

to univocally define the thickness of AN300 20k, due to the enhanced porosity. Anyway, as 

an order of magnitude, we can say that AN300 is 5–10 times more thick compared to DEP300. 

Given that the same amount of catalyst was deposited on both electrodes, we assume that 

AN300 is 5–10 times macroscopically less dense than DEP300, providing a higher catalyst–

electrolyte active surface and a better ion permeability. 

      The short-range order of the nickel oxides films was studied through Raman spectroscopy. 

In Fig. 70, we can see the Raman spectra of FTO/ NiOx electrodes, collected with a 632.8 nm 

wavelength He-Ne laser source, focused on the catalyst surface through a 100× confocal 

microscope objective. We also compare the spectra with that of a bare FTO surface. We can 

see that all the features in the spectra of both DEP300 20k and AN300 20k are compatible 

with the Raman response of the underlying FTO layer, proving the largely amorphous nature 

of the catalyst thin films. 
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Figure 68: SEM top-down images of NiOx thin films deposited on FTO substrates at 

different magnifications: (a) and (b) DEP300 2k, (c) and (d) AN300 2k. The jagged 

morphology of the underlying FTO layer at a scale of hundreds of nanometers is clear in 

(a) and (c). NiOx nanoparticles have a typical size of ≲10 nm, with an irregular shape in 

the case of AN300. 

 

Figure 69: SEM cross-section images of thick catalyst layers deposited on flat silicon slides. 

(a) DEP300 20k and (b) AN300 20k. 
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Figure 70: (Color online) Raman spectra of AN300 20k and 

DEP300 20k compared to that of bare FTO. Nickel oxides thin films 

show an amorphous phase in both cases. 

       In Fig. 71, we analyze more in detail the region around 1100 cm-1, where the main band 

of NiO, related to a two-phonon process [299,300], should emerge. We prove that the peaks 

in DEP300 20k and AN300 20k close to 1100 cm-1 are only due to a FTO band since, when 

the FTO spectrum is subtracted, the peak is fully removed. No peaks attributable to nickel 

oxide crystallites were present also in the case of the 2k series [301]. 

     XPS analysis of DEP300 2k and AN300 2k revealed the presence of either Ni(OH)2 or 

NiOOH as the main phase. The Ni 2p3/2 peak observed at 855.5 eV, together with the satellite 

peak at 861.0 eV, can be attributed to both Ni(OH)2 and NiOOH, within the experimental 

errors [302]. Moreover, the peak at 853.9 eV was assigned to the presence of NiO, whose 

2p3/2 peak should appear at 854.5±0.9 eV [302]. The XPS signals of DEP300 2k and AN300 

2k around the Ni 2p3/2 region, together with the complete survey of the XPS spectra are shown 

in Fig. 72.  



127 
 

 

Figure 71: Raman spectra of AN300 20k and DEP300 20k deposited on FTO, compared to 

that of a bare FTO substrate. In the inset, the FTO background was subtracted to the NiOx 

spectra. 

      In view of the application of nickel oxides thin films to functionalize water oxidation 

photoanodes, we characterized the optical features of our FTO/NiOx electrodes through UV-

VIS-NIR spectrophotometry. Absorbance and transmittance spectra were acquired using a 

bare glass/FTO electrode as a reference. The samples were backside illuminated, so that light 

reflection from the flat glass surface can be assumed to be the same on all samples. Fig. 73 

(a) shows the absorbance spectra of DEP300 and AN300 from both the 2k and 20k series. 

The optical features of the nickel oxide thin films were studied, referring to that of NiO, 

Ni(OH)2 and NiOOH [303,304], the possible phases identified through XPS analysis. 

      Nickel monoxide, NiO, is a charge-transfer insulator, with an optical bandgap of about 4 

eV [303,305]. NiO is intrinsically prone to structural defects, usually presenting an excess of 

oxygen [303], whose amount determines the actual NiO optical features [299,303]. Ni(OH)2 

is an n-type semiconductor, with an optical bandgap usually measured between 3.6 and 3.9 

eV [304]. Finally, NiOOH, is a p-type semiconductor and its optical bandgap is of about 1.7–

1.8 eV [304]. 

 



128 
 

 

Figure 72: XPS spectra of nickel oxide thin films deposited on silicon slides. Panels (a) and 

(b) show the Ni 2p3/2 region of DEP300 2k and AN300 2k, respectively. Plots in (c), (d), (e) 

and (f) show the Survey spectra of DEP300 2k, AN300 2k, DEP300 2k after anodic treatment 

and AN300 2k after anodic treatment. 

      Through the Tauc analysis of the absorption edge region, we evaluated the optical 

bandgap of the Ni oxide thin films for direct transitions. In particular, the quantity (𝐴ℎ𝜈)2 

was plotted as a function of the photon energy, where 𝐴 is the absorbance, directly 

proportional to the absorption coefficient. The linear fit of the Tauc relation allowed us to 

evaluate the optical bandgap of DEP300 20k and AN300 20k as 3.6 eV and 3.7 eV, 

respectively, with 0.1 eV uncertainty. The contribution of NiOOH is probably too low to be 

detected. The same analysis on the films from the 2k series gave comparable results, but with 

a lower accuracy due to the worse signal to noise ratio. 
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Figure 73: (a) Absorption spectra of AN300 and DEP300 from both 

2k and 20k series. (b) Transmittance spectra of AN300 and DEP300 

from 2k and 20k series, after electrochemical measurements under 

anodic or cathodic biasing. 

      The absorption measurements were repeated on the same electrodes after usage in an 

electrochemical cell. The glass/FTO/NiOx electrodes were operated alternatively at anodic or 

cathodic biasing in 1 M KOH solution. First, 30 voltammetry cycles were run in order to 

obtain a stable response, in the range 0 ÷ 0.7 V and 0 ÷ −1.8 V vs. saturated calomel 

electrode (SCE) in the case of anodic or cathodic measurements, respectively. Then a short 

chronoamperometry measurement was performed for 5 minutes at 0.7 V or −1.8 V vs. SCE 

for anodic or cathodic conditions, respectively, providing a current density of the order of 10 

mA cm-2. These measurements were carried out without applying 𝑖𝑅 compensation. 
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 In Fig. 73 (b), we show the transmission spectra of the Ni oxide thin films after anodic or 

cathodic measurements described above. Transmittance was calculated as 𝑇 = 10−𝐴 and 

expressed as a percentage. The spectra obtained from the 20k series allowed us to evaluate the 

change in the optical bandgap associated to the electrochromic transition of Ni oxide. Under 

anodic biasing, the Ni oxides film becomes colored, absorbing more than 60% or 85% in the 

case of DEP300 20k or AN300 20k, respectively (see dashed curves with markers in Fig. 73 

(b)). In this condition, the optical bandgap is reduced to 1.6÷2.0 eV, indicating oxidation of 

Ni(OH)2 to NiOOH, in agreement with the Bode reaction scheme [306]. The redox process 

between the states Ni2+ and Ni3+ is reversible, so that under cathodic biasing, the Ni oxide film 

becomes bleached, showing a bandgap of 3.5÷3.6 eV, attributable to the nickel hydroxide 

phase. The results of Tauc analysis are summarized in Table 5. 

 𝐸𝐺  (as synthesized), eV 𝐸𝐺  (anodized), eV 𝐸𝐺  (cathodized), eV 

DEP300 20k 3.6 ± 0.1 1.96 ± 0.02 3.6 ± 0.2 
AN300 20k 3.7 ± 0.1 1.55 ± 0.02 3.5 ± 0.1 

Table 5: Optical bandgap of the Ni oxide thin films obtained from absorption measurements 

through the Tauc analysis. The results obtained after anodic and cathodic measurements give 

information about the electrochemical processes occurred in the Ni oxides thin film. 

  The same behavior was observed in the electrodes from the 2k series, while the quantitative 

evaluation of the optical bandgap was affected by a large error due to the reduced film 

thickness, especially in the case of the bleached phase. It is worth noting that, while the 20k 

series catalysts show a very poor transmittance in the visible range under anodic conditions, 

the thin films from the 2k series present a transmittance of about 80% or 90% in the whole 

visible range in the case of the compact or porous film, respectively. 
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Figure 74: (a) Cyclic voltammetry curves. (b) Current density versus cycle. 

The electrocatalysis performance of the materials towards the OER was evaluated in terms of 

overpotentials and Tafel slopes. A set of about 30 anodic CVs was performed to ensure a 

stable response of the electrochemical setup (Fig. 74 (a) and (b) show CV curves and current 

density versus cycle number, respectively), followed by iR compensated LSVs (Fig. 75). A 

precatalytic oxidation peak, accompanied by the corresponding reduction process in the 

reverse scan, features prominently in the CVs in Fig. 74 (a). This is assigned to the 

Ni(OH)2/NiOOH redox couple [278], in agreement with literature and confirming XPS 

results. 

 

Figure 75: 𝑗 − 𝑉 curves of thin catalyst films deposited on FTO. In the inset we 

show the Tafel plot. The black, dashed line was obtained with a bare FTO 

electrode, as reference. 

       Overpotentials (η) at two selected current-density (J) values (1 and 10 mA cm-2) were 

extracted from these curves: the first approximates the beginning of the catalytic process and 

is useful for literature comparison, while the second is of interest for WOC to be applied in 

PECs [282]. Tafel plots are shown in Fig. 75, inset. All data are reported in Table 6. 

 η @ J = 1 mA cm-2 

(mV) 

η @ J = 10 mA cm-2 

(mV) 

Tafel slope 

(mV/decade) 

AN300 2k 355 ± 1 413 ± 1 62 ± 0.3 
DEP300 2k 362 ± 1 418 ± 1 59 ± 0.1 

Table 6: Selected electrode metrics for DEP300 and AN300 operated as WOC. 
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The results of LSV measurements obtained with thicker catalyst films (20k series) are 

reported in Fig. 76 and the metrics of the two series as WOC are summarized in Table 7. 

Since the thicker films are both less active and less transparent, they will not be discussed 

further.  

      With a comparable Tafel slope and slightly better overpotentials, AN300 can be 

considered a better WOC compared to DEP300. According to a recent report [280], iron 

incorporation can play a critical role in determining NiOx electroactivity. In our case however, 

this can be excluded since XPS (Fig. 72 e, f) shows no trace of iron after electrochemical 

experiments. 

 
Figure 76: Tafel plot of thick catalyst films (20k series) compared with thin films (2k series) 

deposited on FTO. The catalytic performance is not limited by the amount of catalyst and 

thicker films show lower currents possibly due to the increased resistivity of nickel oxide film. 

 
 η @ J = 1 mA cm-2 

(mV) 

η @ J = 10 mA cm-2 

(mV) 

Tafel slope 

(mV/decade) 

AN300 20k 362 ± 1 441 ± 1 71 ± 0.5 
DEP300 20k 362 ± 1 427 ± 1 66 ± 0.5 
AN300 2k 355 ± 1 413 ± 1 62 ± 0.3 
DEP300 2k 362 ± 1 418 ± 1 59 ± 0.1 

Table 7: Comparison of electrode metrics for DEP300 and AN300 from 20k and 2k series, 

operated as WOC. 
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7.4 Conclusions 

 The porous structure obtained here exhibits a very high (90%) optical transmittance in the 

visible-range, even under anodic conditions, while also showing good performance as WOC, 

with overpotentials and Tafel slopes on-par with some of the best results for amorphous NiOx 

in recent literature [278,285]. Both these features are important in view of the application of 

NiOx as OER co-catalysts in photoanodes for PEC technology. The high transmittance in 

particular provides a solution to the problem of parasitic light absorption, which to date 

prevented the effective use of Ni oxides for photoanode functionalization. Thus, the 

functionalization of absorber materials to realize such a photoanode will be the natural 

extension of this work, as well as the extension to mixed-metal oxide species which are known 

to be intrinsically more active [286,307]. PLD proves to be a highly versatile fabrication 

technique to control morphology at the nanoscale, thus allowing the tuning of functional 

properties which critically depend on it. By varying the substrate temperature during 

deposition, NiOx morphologies ranging from a compact NPs-assembled layer to a porous 

coating can easily be obtained, while keeping the material substantially amorphous, an 

important feature for several catalysis applications. 
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Chapter 8: Alkaline water oxidation studies on mixed metal oxide 

thin films deposited by pulsed laser deposition 

 

Preview:          Mixed metal oxide coatings were synthesized by Pulsed Laser Deposition 

(PLD) as water oxidation catalysts for OER. Boron was added to the films to 

study its influence in the electrochemical performance of the films. The 

synthesized coatings exhibited superior electrochemical activity compared to 

single oxide coatings and mixed metal oxide coatings without boron. The role of 

boron, iron and cobalt was systematically investigated through in-depth 

characterization and electrochemical measurements. 

My contribution to this work includes the synthesis of all the coatings, 

performing electrochemical measurements along with other characterizations, 

interpreting the data/results obtained and preparation of the final manuscript. 

8.1 Introduction 

      The rapid industrialization coupled with population explosion has put tremendous stress on 

the existing energy sources of the planet. Hence, it is important to look for alternate renewable 

energy carriers like hydrogen to sustain the current as well as future energy needs. Currently, 

hydrogen production occurs mainly through steam reforming of natural gas, a process leading 

to high emission of greenhouse gases along with its fossil fuel dependence. Electrochemical 

water splitting has been considered as one of the promising techniques for sustainable 

production of H2 and O2 owing to simple nature of the process along with no harmful gas 

emission and high conversion efficiency. Oxygen Evolution Reaction (OER), however, 

requires a large overpotential to overcome the significant kinetic barrier associated with the 

exchange of four electrons and thus shows very slow kinetics. Hence, electrocatalysts are 

required in this process to reduce the overpotential and improve the efficiency of the process. 

Metal oxides are generally more stable for water oxidation reactions compared to metals due 

to their resistance in getting oxidized even further [308]. Iridium oxide (IrO2) and ruthenium 

oxide (RuO2) catalysts are reported to be one of the best OER electrocatalysts [309]. However, 

as they belong to the rare inert group of catalysts and are scarcely available [310], efforts have 

been made to synthesize electrocatalysts which are abundant and made up of cheap scalable 

materials. Transition metal oxides of Fe and Co are extensively studied for photocatalytic and 

electrocatalytic water oxidation respectively, due to their earth abundance and low cost. 
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Nanostructured α-Fe2O3 thin films have been investigated as photoanode in 

photoelectrochemical water splitting [311]. Iron oxide catalysts (-Fe2O3) synthesized by 

Pulsed Laser Deposition functionalized on ITO surfaces showed stable photocurrents at 

relatively low overpotentials for electrochemical water splitting [312]. Reduced graphene 

oxide wrapped ITO@Fe2O3 core-shell nanowire arrays served as photoanode showed 

promising results for making Fe2O3 composites for future water splitting applications [313]. 

Porous amorphous Fe2O3 films synthesized by PLD opened up the possibility of 

functionalizing solar absorbers with iron oxide thin films as efficient photo-electrocatalysts 

[294]. Synthesis of mesoporous Co3O4 via nanocasting route and different nanostructures of 

Co oxide by facile hydrothermal method as Oxygen Evolution Catalysts (OECs) demonstrated 

the role of morphology in electrochemical water splitting [314,315]. Light and inexpensive 

nanostructured Co3O4 clusters in mesoporous silica efficiently produced oxygen by 

electrochemical water splitting thereby providing an alternative to the noble IrO2 [310]. Cobalt 

oxide catalysts are generally quite active for OER in the alkaline medium [316–318]. Owing 

to the advancements in the electrochemical studies on cobalt and iron based oxides, research 

progressed towards electrochemical water splitting using mixed oxide OEC’s of cobalt and 

iron. CoFe2O4 nanoparticles (NPs) synthesized by facile hydrothermal method and attached on 

3D carbon fiber papers exhibits efficient, cost effective and durable oxygen evolution along 

with its bifunctional electrocatalysis as both OER and HER catalyst [319]. Hybrid nanorod 

arrays of porous CoFe2O4/C supported on nickel foam treated with polyaniline exhibited low 

overpotentials and high stability as OEC in alkaline medium [320]. CoFe2O4 nanoparticles 

supported over nitrogen-sulphur doped 3D rGO displayed similar electrocatalytic activity as 

that of RuO2/C catalyst with high durability in alkaline medium [321]. These recent advances 

on Cobalt ferrite (CoFe2O4) and its composites however has a drawback.  CoFe2O4 

nanoparticles are generally synthesized by chemical methods and then supported on different 

optimized substrates like rGO, which makes it a two-step synthesis procedure. To tackle this 

problem, it is imperative to have a synthesis/fabrication process which enables the direct 

deposition of CoFe2O4 nanoparticles on different substrates in a single step thereby eliminating 

the need for separate synthesis of CoFe2O4 nanoparticles. Pulsed Laser Deposition (PLD), 

gives an immense control over the synthesis of heterogenous catalysts by varying the 

deposition parameters like gas pressure, film thickness, fluence etc. to get different 

nanostructured morphologies with good adhesion [83,105,322]. Various metal oxide catalysts 

have been synthesized by PLD as water oxidation catalyst (WOC) [312,323–325]. 3D 
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hierarchical porous/urchin nanostructured Co3O4 coating synthesized by using boric acid in the 

initial mixture displayed excellent photocatalytic activity towards degradation of MB dye [87]. 

Similar approach was used for synthesizing 3D hierarchical iron oxide nanostructures where 

boric acid was used as a source of boron and the resultant films degraded MB dye with good 

efficiency [107]. Recently published CoFe2O4/CoO hierarchical-type nanostructured coating 

synthesized with the inclusion of boron exhibited superior photocatalytic activity compared to 

the single oxide hierarchical coatings of iron oxide and urchin-like Co3O4 respectively [326].  

In view of the enhanced photocatalysis seen by inclusion of boron, primarily in the outer shell 

of the nanoparticles, it would be interesting to study its effect on the electrochemical 

performance of the films active as WOC.  

     In this paper, we synthesize mixed metal oxide coatings on FTO substrates as a WOC for 

oxygen evolution reaction (OER). The coatings were synthesized by PLD with targets 

comprising of a mixture of metallic Fe, Co and boric acid (H3BO3). The synthesis protocol is 

adopted from our past work [326]. Boron was intentionally included in the initial mixture to 

study its influence on the coatings. The synthesized coatings were characterized thoroughly for 

in-depth analysis. The mixed metal oxide coating shows excellent electrocatalytic activity with 

a low overpotential of 315mV for 10mA/cm2 along with a Tafel slope of 31.5 mV/dec, 

displaying high stability and recyclability in alkaline medium with almost no deterioration. The 

electrochemical performance of mixed metal oxide coatings show superior electrochemical 

activity in OER compared to the single oxide coatings of FeOx and CoOx owing to the 

formation of stable active species. The coatings synthesized in absence of boron show reduced 

OER activity indicating that the presence of boron enhances the electrochemical performance 

of the catalyst coatings. The detailed study and analysis on the structural and electrochemical 

properties are discussed ahead. 

8.2 Experimental 

8.2.1 Synthesis 

     Fe metallic, Co metallic and boric acid (H3BO3) powders were mixed in molar ratio of 1:1:1 

and the prepared mixture was compressed in the form of a disc to be used as a target for the 

deposition of CoFeOx coatings by PLD. A KrF excimer laser (Lambda Physik) with an 

operating wavelength of 248 nm, pulse duration of 25 ns, and repetition rate of 20 Hz was used 

for deposition. The fluence of the laser was always maintained at 3 J/cm2 for ablation. The PLD 

deposition apparatus details and the mechanisms involved in the laser matter interactions are 
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presented in our past reports [60,327]. The PLD chamber was evacuated up to a base pressure 

of 10-6 mbar prior to all the depositions. Deposition of the coatings were carried out in an Argon 

atmosphere at a pressure of 1.5 x 10-2 mbar. The target to substrate distance was fixed at 4.5cm 

with the substrate positioned parallel to the target. The coatings were deposited on FTO, 

borosilicate glass and Si at room temperature and the number of pulses deposited were 10k. 

Thermal annealing of the deposited coatings were carried out in air at 200 ºC, 400 ºC and 600ºC 

for 5 h with a heating rate of 5 ºC/min.  

8.2.2 Characterization 

      Scanning Electron Microscope (SEM-FEG, JSM 7001F, JEOL) at 20keV electron beam 

energy equipped with energy dispersive spectroscopy analysis (EDS, INCA PentaFET-x3) 

were used for examining the surface morphologies of all the samples prepared by PLD. 

Transmission Electron Microscopy (TEM) and High resolution TEM (HR-TEM) analyses were 

performed with a JEOL 2100F Cs-corrected analytical FEG TEM with an accelerating voltage 

of 200 kV equipped with an energy-dispersive X-ray spectrometer (EDS). Images were 

analyzed using Digital Micrograph software from Gatan. Copper grids (300 mesh) with Holy-

carbon film were used as substrate to prepare samples for TEM analysis. Structural 

characterization was performed using X-Ray Diffractometer (XRD, Rigaku Miniflex) with Cu 

K radiation ( = 1.5414 Å) in 2θ- θ configuration, with a step size of 0.05 deg and a scan rate 

of 1 deg/min. Micro-Raman spectroscopy was performed using a Labram Aramis Jobin-Yvon 

Horiba -Raman system equipped with a He-Ne laser source (632nm). The surface 

composition and chemical states of each element present in the sample were analysed with X-

ray Photoelectron Spectroscopy (XPS) using a PHI 5000 Versa Ⅱ instrument equipped with a 

monochromatic Al Kα (1486.6 eV) X-ray source and a hemispherical analyser. Appropriate 

electrical charge compensation was required to perform the XPS analysis. 

8.2.3 Electrochemical measurements 

      Electrochemical measurements were performed using a Gamry 

potentiostat/Galvanostat/ZRA interface 1000 in a three-electrode cell composed of Saturated 

Calomel Electrode (SCE, 0.244 V vs. Standard Hydrogen Electrode) as reference, Pt mesh as 

counter electrode and 1M KOH solution (pH 14) as electrolyte. Catalysts deposited on Fluorine 

doped Tin Oxide (FTO) glass substrates [1cm2] were used as working electrodes. Initially, 

Cyclic Voltammetry (CV) scans were performed on the samples to remove the impurities and 
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stabilize the current. Linear Sweep Voltammetry (LSV) was carried out with iR compensation 

to reach the current density greater than 10 mA/cm2. The LSV measurements were done at a 

scan rate of 10 mV/s while the CV measurements were done at a scan rate of 100 mV/s. Finally, 

Chronoamperometry (CA) measurements were performed on the samples to check the stability 

of the catalysts for water oxidation reactions. Electrochemical impedance spectroscopy (EIS) 

was performed in the frequency range of 2 MHz to 10 Hz with an input sinusoidal wave of 

amplitude 50 mV. EIS data was fit using Echem Analyst software from Gamry to obtain the 

equivalent electrical circuits. Determination of the electrochemical surface area (ESA) was 

carried out by calculating the double layer capacitance (CDL) from CV scans in the non-Ohmic 

potential region of -0.20 V to 0.10 V (vs Hg/HgO), at increasing scan rates. The graph of 

difference in cathodic and anodic current densities at -0.05 V was plotted against the respective 

scan rates to determine the value of CDL. 

8.3 Results and Discussions 

      The as-deposited (AD) as well as the coatings annealed at different temperatures in air were 

studied by SEM to get insight on the surface morphologies and the changes that occur on 

annealing. The AD sample (Fig 77a) shows particle like morphology with a varied particle size 

distribution from tens of nanometer to a few micrometers. This kind of morphology is expected 

owing to the phase explosion process which occurs when the target surface comes close to the 

thermodynamic critical temperature upon irradiating with high laser fluence. Moreover, the 

particles seem to have a core-shell structure with the core made up of heavy elements like Fe 

and Co while the shell comprises of lighter elements, mainly boron. This core-shell 

morphology is preserved even at 200ºC (Fig. 77b) and 400ºC (Fig. 77c). The topography of 

the particles completely change upon annealing in air at 600oC (Fig. 77d). At 600ºC, the shell 

disintegrates leading to the formation of small nanowires (NWs) on the surface of the particles 

which leads to complete transformation from spherical particulates to urchin-like hierarchical 

structures with vertically grown nanowires (NWs) from surface of the particulates. The length 

and diameter of the NWs vary from 0.5 to 1 µm and 10-30 nm, respectively. The formation of 

these hierarchical nanostructured coatings at temperatures above 500 ⁰C is also reported in our 

previous work [326]. Annealing at 600°C essentially produced two kinds of morphology, 

hierarchical (petal like) and urchin like nanowires. As mentioned in chapter 3 in the description 

of SEM images, there is about 10% contribution from petal like morphology. In Fig. 77d, the 
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image shown is completely urchin-like which is the case for most of the particles while Fig. 

21g shows the hierarchical morphology. 

 

Figure 77: SEM images of [a] as-deposited (AD), [b] AN200, [c] AN400 and [d] AN600 

samples 

      Micro-Raman spectroscopy was performed on the as-deposited and the annealed samples 

in the range of 150 to 800 cm-1 (Fig. 78a), where signature vibrations due to metal oxides are 

located. The AD and AN200 coatings display broad Raman spectra indicating that the films 

are mostly in the amorphous state. On annealing at 400˚C, Raman peaks at 184 cm-1 pertinent 

to F2g mode of CoO phase [109] and 290 cm-1 assigned to Eg mode of α-Fe2O3 phase [110] are 

observed. The deconvoluted peaks observed at 453,586 and 658 cm-1 upon annealing at 600˚C 

display a red shift to 462, 607 and 678 cm-1 respectively. The peaks centered at 462 cm-1 and 

678 cm-1 can be assigned to T1g and A1g mode of spinel CoFe2O4 phase as well as to Eg and A1g 

mode of CoO phase [108,109] while the peak at 607 cm-1 is attributed to A1g mode of vibration 

of spinel CoFe2O4 phase. Further confirmation of these phases were carried out by XRD and 

XPS.  

     To identify the phases in the as-deposited and annealed coatings, XRD was performed and 

reported in Fig. 78b. XRD pattern was acquired to mainly investigate the crystallinity of the 
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particulates on the coating surface. For AD coating, the peaks centered at 44.2o and 44.9o are 

assigned to metallic Co and Fe, respectively, while the peaks observed at 54.6o and 56.4o 

correspond to -Fe2O3 phase (JCPDS-24-0072). On annealing at 200ºC, an additional sharp 

peak at 47.7o is observed, which corresponds to CoFe2O4 phase (JCPDS-22-1086). This peak 

intensifies at 400ºC along with the appearance of more small peaks corresponding to Co metal 

and Fe2O3 phases, indicating crystallization of the sample due to heating. On further annealing 

(AN600 sample), complete crystallization occurs, and more peaks related to CoFe2O4 phase 

are observed. 

 

Figure 78: a) Raman spectra and b) XRD spectra for as-deposited and annealed samples. 

      The elemental survey scan of XPS detects elements such as Co, Fe, B and O along with 

residual carbon for all the samples. Focused scan of Fe2p level (Fig 79a) shows existence of 

two distinct peaks attributed to 2p3/2 and 2p1/2 levels for all the coatings. The deconvolution of 

2p3/2 levels for AD and AN200 films exhibit two peaks at 711.1 and 712.1 eV with a satellite 

peak at 724.5 eV, indicating the presence of Fe3+ oxidation state on the surface.  In case of 

AN400 and AN600 samples, a peak at 710.7 eV corresponding to CoFe2O4 phase emerges 

along with a peak centered at 712.3 eV, corresponding to FeBO3 phase [328]. It must be noted 

that no signal due to Fe2+ is detected in the XPS spectra. In Co 2p XPS spectra of AD and 

AN200 samples (Fig. 79b), the broad peak due to 2p3/2 level can be deconvoluted into three 

peaks centred at 780.9 eV, 782.0 eV and 786.0 eV, corresponding to Co in Co2+ oxidation 

states [329,330].  In case of AN400, the peak centred at 780.8eV increases in intensity due to 
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the formation of CoFe2O4 phase [331]. When annealed further to 600°C, the peak positions do 

not change but area under the peak increases. The core-level spectra of B 1s in AD sample 

(Fig. 79c) shows a single peak centred at 192.0 eV corresponding to both B2O3 and FeBO3 

phases [332,333]. B 1s spectra in AN200 and AN400 samples denote the same peaks. On 

further annealing at 600°C, the spectra can be deconvoluted to two peaks centered at 191.5 eV 

and 192.5 eV due to segregation of FeBO3 and B2O3 phases. The XPS spectra of O 1s (Fig. 

79d) for AD and AN200 coatings are mainly composed of a single broad peak at 531.6 eV 

corresponding to Fe3+/Co2+ and B2O3 species. On further annealing at 400°C, three peaks are 

observed at 529.9eV, 531eV and 532.4eV corresponding to O in metal oxides, FeBO3 and B2O3 

phases, respectively. The dominant peak is of the FeBO3 species indicating the maximum 

contribution of this species at this temperature. Annealing at 600°C results in the same peaks 

as in AN400 but with reduced FeBO3 peak concentration and the dominant peak being the one 

coming from the metal oxide species. 

a) Fe 2p: 

                        

b) Co 2p: 
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d) O 1s 

 

Figure 79: XPS spectra of a) Fe 2p b) Co 2p c) B 1s d) O 1s levels for as-deposited and 

annealed samples. 

        As XPS is a surface sensitive technique, the above results could only identify the surface 

oxides and no metallic peaks were detected, as was seen from XRD data. The signature of 

CoFe2O4 phase is observed in AN400 and AN600 samples, matching well with XRD results. 

Additionally, the phases of FeBO3 and B2O3 are observed, suggesting existence of oxy-boride 

species in the films. The XPS results are in good agreement with the Micro-Raman and XRD 

results thereby confirming the main phases present in the coatings.  

       It was seen that AD and AN200 films do not show distinct formation of CoFe2O4 phase. 

Hence, AN 400 and AN600 samples were chosen to perform HR-TEM analysis and the results 

are shown in Fig. 80. AN400 clearly demonstrates the core-shell structure of the particles 

which is seen by the dark contrast of the core with the shell surrounding it (layer of light 

contrast) [Fig. 80a]. The shell is mostly comprised of lighter elements mainly boron with a 

thickness typically in the range of few nanometres depending on the particle size. A d-spacing 

of 0.21nm ascribed to (004) planes of CoFe2O4 phase [326] is clearly visible in the HRTEM 

image (Fig 80b). Fast-Fourier Transform (FFT) (Inset of Fig. 80b) of this particle can also be 

indexed to CoFe2O4 phase. Fig. 24a shows the HRTEM image of a representative NW from 
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the hierarchical urchin like structures of AN600. The surface of the NW shows a set of three 

d-spacings of 0.14, 0.21 and 0.29 nm (Fig. 24b), where 0.14 nm and 0.29 nm are ascribed to 

(044) and (022) planes of CoFe2O4 phase (JCPDS file: 22-1086) whereas d-spacing of 0.21nm 

is common to that of (002) planes of CoO phase (JCPDS file: 75-0533) as well as (004) plane 

of CoFe2O4 phase. FFT (Fig. 24c) of this NW can be perfectly indexed to CoFe2O4 and CoO 

phases. On the basis of these results, it becomes clear that AN400 is comprised of CoFe2O4 

phase only, along with surface residual oxides, while AN600 comprises of CoFe2O4 as well as 

CoO phases. Thus, the heat treatment causes crystallization of the sample to form CoFe2O4 

phase at 400 ⁰C but on heating further, secondary phases start erupting, as observed in AN600 

film. 

 

Figure 80: (a) TEM and (b) HR-TEM images of AN400 sample. 

     All the films deposited on FTO electrodes were tested for electrochemical water oxidation 

in a three-cell configuration. Before measurements, the electrodes were subjected to cyclic 

voltammetry cycles in the potential range of -0.24 V to 1.76 V (V vs. SCE) in order to obtain 

a stable response and to remove eventual surface impurities. iR-corrected linear polarization 

curves of all the films (as-deposited and annealed) and RuO2 nanoparticles are shown in Fig. 

81a and the values obtained from these curves are summarized in Table 8. The best results are 

obtained for AN400 sample with an overpotential of 315mV at 10 mA/cm2, which is much 

lower than other samples, including RuO2 (370 mV/dec). AN400 also shows the lowest Tafel 

slope value of 31.5 mV/dec, while AN600 exhibits the highest Tafel slope of 65.8 mV/dec.  To 

understand the reasons for higher electrochemical performance of AN400 film, various 

electrochemical characterizations were performed. 

    Identification of the in-situ formed redox species was done by performing slow CV scans in 

the pre-OER potential region (Fig. 81c). In the first cycle of anodic scan for AN400, two 

oxidation peaks were observed, where the first peak has a shoulder at 1.21 V (vs RHE) while 

(a) (b) 
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the second peak is at 1.31 V (vs RHE). The occurrence of first peak indicates formation of Co3+ 

species in the form of CoOOH on the surface of the film which then gets converted to Co4+ 

(CoO2) at further oxidation potential [315]. In the reverse scan, one can see only one peak 

corresponding to reduction of CoO2, indicating that the formation of CoOOH species is an 

irreversible reaction. This is also evident from the successive scan, where only one peak of 

CoO2 species is seen, confirming that all the CoOOH is now converted to stable oxide. Similar 

phenomenon is also observed for AN200 film (Fig. 81d), but the intensities of oxidation and 

reduction peaks are much lower, suggesting less formation of active Co oxides. On the other 

hand, this oxide formation is not observed for AD as well as AN600 films (Fig. 81d). This 

clearly shows that CoO2 phase is the active species responsible for facilitating OER and hence 

AN400 sample shows the best performance. 

 

Figure 81: a) LSV curves with iR compensation and b) Tafel plots for as-deposited, annealed 

samples and RuO2, c) first two cycles of slowscan CV curves for AN400 sample and d) 

slowscan CV curves for as-deposited and annealed samples. 

Sample Overpotentials Tafel slope b (mV/dec) 

 mA/cm2) mA/cm2)  
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AD 317mV 365mV 41.7 ± 0.2 

AN200 296mV 329mV 31.9 ± 0.2 

AN400 281mV 315mV 31.5 ± 0.2 

AN600 384mV 447mV 65.8 ± 0.3 

RuO2 283mV 370mV 88.3 ± 0.2 

 

Table 8: Overpotentials ( and Tafel slopes (b) for as-deposited, annealed samples and RuO2. 

 

     The graphs shown in Fig. 81a does not represent the intrinsic activity of the films and is 

influenced by the contributions from surface area. Electrochemical surface area (ESA) of the 

films was estimated indirectly by determining the value of double layer capacitance (CDL). Fig. 

82 demonstrates the CV curves for all the films at increasing scan rates. From these graphs, the 

difference between the cathodic and anodic current densities was calculated and plotted against 

respective scan rates, to determine the value of CDL. As seen in Fig. 83, the value of CDL and 

hence the ESA is the highest for AN600 while that of other films are more or less the same. 

This result matches well with the SEM images where AD, AN200 and AN400 films show 

similar particulate morphology while AN600 showed formation of NWs on the surface. Owing 

to these NWs, AN600 presents more surface area for adsorption of reactant species from the 

electrolyte. However, due to the lack of formation of active oxides on the surface, these reactant 

species are not converted to oxygen. Thus, in spite of higher ESA, AN600 shows poor OER 

performance. On the other hand, despite having similar ESA as AN200 and AD films, AN400 

shows the highest OER rate which can be attributed to the highest amount of formation of 

active oxides amongst all the coatings as evident by the intense oxidation peak observed in Fig 

81d. This presents a possibility to further improve the OER performance of AN400 film by 

tuning the morphology to obtain higher ESA. 
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Figure 82: (a-d) CV curves for as-deposited and annealed samples at increasing scan rates. 

 

Figure 83: Plot representing the difference in cathodic and anodic current density against 

the scan rate to determine CDL for as-deposited and annealed samples. 
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      Another factor that can affect the performance of a catalyst is the charge transfer resistance 

(Rct) across the electrode/electrolyte interface. Rct was determined by electrochemical 

impedance spectroscopy (EIS) using an equivalent circuit model of two resistances and a 

constant phase element to fit the obtained Nyquist plots. Fig. 84 shows the obtained Nyquist 

plots for all the samples at two different potentials of 0 V and 0.1 V (vs OCP), while the 

corresponding resistance values are tabulated in Table 9. It can see that the Rct value decreases 

on increasing the applied potential. However, the maximum decrease in Rct is observed for 

AN400 sample, which also shows the lowest overpotential, supporting our results. On the other 

hand, the decrement in Rct value for AN600 sample is very minimal, suggesting that under 

applied potential, it offers higher resistance for transfer of charges across the interface. It must 

be noted that the value of Rct is smallest in case of AD films, which could be due to its metallic 

nature.     

 

Figure 84: EIS graphs for as-deposited and annealed samples at (a) 0 V and (b) 0.1 V 

respectively. 

At 0 V (vs OCP): 

Samples R soln (Ω) R ct (Ω) 

As dep 6.30 2.642 * 103 

AN200 7.03 6.933 * 103 
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                                                                                   (a) 

At 0.1 V (vs OCP): 

Samples R soln (Ω) R ct (Ω) 

As dep 5.94 0.979 * 103 

AN200 6.91 3.514 * 103 

AN400 7.93 2.865 * 103 

AN600 8.95 4.060 * 103 

 

                                                                             (b) 

Table 9: Charge transfer resistance (Rct) values for as deposited and annealed samples at 

a) 0 V and b) 0.1 V respectively. 

      So far, it is well-established that AN400 film shows the best performance, owing to in-situ 

formation of large number of active Co4+ species, highest intrinsic activity of each site and also 

the improved charge transfer resistance. To illustrate the roles of Co, Fe and B in the film, the 

performance of AN400 was compared with that of single oxide films of CoOx and FeOx 

(containing boron) and mixed oxide film deposited without boron (termed as AN400_2). It 

must be noted that these single oxide films were also deposited with exactly the same 

experimental conditions as that of AN400 film. AN400 film shows much superior 

electrochemical activity (Fig. 85a) and lower Tafel slope (Fig. 85b) compared to the single 

oxide and AN400_2 films. To achieve the current density of 10 mA/cm2, overpotentials of 315 

mV, 406 mV, 492 mV and 421 mV were obtained for An400, CoOx, FeOx and AN400_2 

films, respectively (Table 10), indicating that the combination of Co, Fe and B together yields 

the best performance. To isolate the roles of Co, Fe and B, CV scans were recorded for AN400, 

CoOx, FeOx and AN400_2 films at a scan rate of 2 mV/s (Fig. 85c).  On comparing the two 

mixed oxide films, AN400 and AN400_2, one can see that boron free sample (AN400_2) 

shows no redox peaks, while the sample with boron (AN400) shows prominent reversible redox 

peaks, corresponding to transformation of Co from Co3+ to higher oxidation states. This implies 

that the role of boron is to assist in formation of Co3+ states on the surface of the film. It has 

been reported that in case of Co-B films, B acts as the sacrificial element by donating electrons 

to Co, thereby protecting it from forming stable oxides. In the present case, boron plays a 
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similar role of preventing complete oxidation of Co and assisting it in forming Co3+ species on 

the surface. To illustrate the role of Fe, CV scans of AN400 is compared with that of CoOx 

and FeOx films. The first anodic cycle for CoOx shows a main oxidation peak at 1.15 V (vs. 

RHE) along with two secondary shoulders at at 1.07 V (vs. RHE) and 1.25 V (vs. RHE). During 

the reverse scan, a very small reduction peak is observed at 1.05 V (vs. RHE), indicating a 

quasi-reversible reaction. The successive scan displays no oxidation and reduction peaks, 

indicating that the oxidised species are not regenerated again. Thus, CoOx coatings show no 

stable active species and hence exhibit inferior electrochemical activity for OER. FeOx, on the 

other hand, shows no redox peaks in both the cycles, suggesting that Fe doesn’t undergo any 

oxidation in this potential regime and hence lacks active sites for catalysing water oxidation, 

thereby displaying the worst OER performance. Only in the case of AN400 film, the redox 

peaks corresponding to the active Co4+ species are present consistently in all CV scans. This 

indicates that the oxidation chemistry of mixed oxide catalyst (AN400) containing Co and Fe 

is completely different than that of single oxides of Co and Fe, under applied anodic potentials. 

Co oxide alone fails to regenerate oxide species on its surface, but the presence of Fe helps it 

in forming reversible species of Co in higher oxidation state, which in turn facilitates water 

oxidation reaction. Thus, in case of mixed oxide film (AN400), the role of B is to assist Co in 

forming Co3+ species which further transform to higher oxidation states, while Fe helps it in 

regenerating these species in successive cycles. 
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Figure 85: a) Comparison of LSV curves with iR compensation, b) Tafel slopes and c) 

slowscan CV curves for AN400, FeOx, CoOx and AN400_2 samples. 

Sample Overpotentials Tafel slope b (mV/dec) 

 mA/cm2) mA/cm2)  

AN400 281mV 315mV 31.5 

CoOx 350mV 406mV 55.4 

FeOx 425mV 492mV 66.0 

AN400_2     370mV     421mV                 46.9 

 

Table 10: Overpotentials ( and Tafel slopes (b) for AN400, CoOx, FeOx and AN400_2 

films respectively. 

     To further elucidate the difference between mixed oxide and single oxide films, CDL values 

were determined for CoOx and FeOx films (Fig. 86). The value of CDL and hence the ESA for 

CoOx film is the same as that obtained for AN400 film (0.052 mF/cm2), while FeOx exhibits 

a lower CDL value of 0.045 mF/cm2. This implies that the number of active adsorption sites in 
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CoOx is the same as in AN400 film, which is understood as Co is the active site in both 

samples. However, despite having similar ESA, as the adsorbed species in CoOx undergo 

oxidation and fail to regenerate, they do not show the same performance as AN400 film.  

 

Figure 86: CV curves for (a) CoOx and (b) FeOx at increasing scan rates, (c) Plot 

representing the difference in cathodic and anodic current density against the scan rate to 

determine CDL 

    To obtain better understanding of the changes in chemical states of the mixed oxide film due 

to water oxidation reaction, XPS studies were performed on AN400 film after OER (Fig. 87). 

Post OER, Co 2p state shows a prominent peak at 780.1 eV, which is attributed to the formation 

of Co3+ species in CoOOH, consistent with the results obtained from CV measurements while 

the peaks at 786.1 and 796.4 eV correspond to the satellite features of Co in Co2+ oxidation 

state. O 1s spectra for post-OER AN400 film also shows an increase in the peak intensity 

associated with OOH group (529.5 eV). As per previous reports, Fe compounds are easier to 

form OOH-like species and the Fe in CoFeOx catalyst plays a significant role in promoting the 

formation and stabilizing the OOH-like species [334]. A higher concentration of OOH-like 

species leads to superior OER performance. For Fe 2p state, the peak at 711.0 eV corresponding 
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to Fe3+ species shows an increase in intensity for post-OER sample. This peak was also 

observed in as prepared sample, indicating that Fe was in high oxidation state (Fe3+) even 

before OER measurements. In case of B 1s state, post-OER film shows a single peak at 191.6 

eV, ascribed to B2O3, as also observed in pristine films before OER.  

 

Figure 87: XPS spectra of Fe 2p, Co 2p, B 1s and O 1s levels for AN400 sample after OER. 

      It is of paramount importance to study the stability and recyclability of these coatings for 

practical applications in the industry. For stability tests, chronoamperometric measurements 

were done on AN400 film for 12 hrs (Fig. 88a). The film displays high stability and produces 

an almost constant current density of 20mA/cm2 at 1.97 V vs. RHE. CoFeOx coatings were 

also tested for its recyclability by performing cyclic voltammetries for 1000 cycles in 1M KOH 

solution. The films show excellent results with no signs of deterioration even after the 1000th 

cycle (Fig. 88b), thereby making the coatings completely suitable for industrial applications. 

                                 

Figure 88: a) Chronoamperometric measurement demonstrating the stability of AN400 

coatings for 12hrs and b) recyclability test by performing cyclic voltammetries on AN400 

coating for 1000 cycles. 
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8.4 Conclusions 

      Mixed metal oxide coatings were successfully synthesized by Pulsed Laser Deposition 

(PLD) as coatings for electrochemical applications. An in-depth characterization consisting of 

SEM, XRD, Micro-Raman, XPS and TEM were performed for structural and elemental 

characterization. The synthesized coatings showed excellent electrochemical performance 

towards water oxidation reactions with an overpotential of 315mV at 10 mA/cm2, along with 

a tafel slope of 31.5 mV/dec. The mixed metal oxide films also exhibit superior electrochemical 

activity compared to single oxide counterparts of CoOx and FeOx respectively. Similarly 

prepared coatings but without the presence of boron were synthesized to understand the role of 

boron in enhancing the electrochemical activity. Coatings without boron show an inferior 

electrochemical activity with high overpotentials of 421mV at 10 mA/cm2 respectively, with 

tafel slope of 46.9 mV/dec. The films with boron form stable active oxides which convert the 

reactant species to oxygen thereby enhancing the electrochemical activity towards OER. 

Stability and recyclability tests done on mixed metal oxide coatings make it even more 

appealing for industrial applications due to their non-deteriorating behavior and excellent 

recyclability. 
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Conclusions and Future work 

a) Environment 

       In today’s world, the availability of clean drinking water throughout the globe is one of 

the most important aspects to be resolved. Water scarcity due to uneven distribution of water 

has resulted in escalation of the problem. On the other hand, pollution of water due to 

industrialization followed by the deficiency of proper wastewater management facilities adds 

to the existing crisis. The common techniques of wastewater purification namely filtration and 

adsorption are expensive and they generate secondary products which are toxic in nature 

thereby contributing to the water pollution. Chlorination is an effective technique but the by-

products obtained have carcinogenic and mutagenic effects on human health. A promising 

methodology for water purification is photocatalysis, an Advanced Oxidation Process (AOP) 

that can completely mineralize the organic pollutants to inorganic ions without adding harmful 

chemicals to the surroundings. AOP reactions are very effective due to the generation of strong 

oxidizing agents such as hydroxyl radicals which can be produced by the photocatalyst upon 

direct activation by sunlight. An ideal photocatalyst should be made up of cheap, 

environmentally friendly and abundant material which has high surface area and an energy 

band gap such that it absorbs much of the solar spectrum. Along with high absorption, it is 

important that the photocatalyst has low recombination rate of photogenerated electron-hole 

pairs so that they can be utilized for the photocatalysis reactions without getting recombined. 

However, these properties of a photocatalyst are ideal. In reality, the photocatalysts have 

drawbacks which inhibit the effective degradation of pollutant. Hence, researchers adopt 

different strategies like doping, forming composites, varying the morphology etc. to meet the 

needs of an ideal photocatalyst demonstrating effective photocatalysis with the least amount of 

time to completely mineralize the pollutant under consideration. 

         In this thesis, different strategies have been studied in depth with various photocatalysts 

for degradation of organic pollutants. CoFe2O4/CoO hierarchical urchin like nanostructured 

coatings were synthesized by Pulsed Laser Deposition (PLD) for degradation of Methylene 

Blue (MB) dye. These coatings exhibited a) high surface area due to the urchin like structures, 

b) enhanced visible light absorption due to low energy band gap of CoO and c) reduced 

recombination of photogenerated charges due to Z-scheme heterojunction formed between 

CoFe2O4 and CoO. All these optimizations led to superior photocatalytic activity of the 

synthesized CoFe2O4/CoO photocatalyst. The effect of doping and forming composites were 
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also tested by synthesizing nanocomposites of tungsten doped TiO2 and reduced Graphene 

Oxide (rGO). The synthesized W-TiO2/rGO photocatalyst displayed excellent activity towards 

degradation of para-Nitrophenol (p-NP). W-doping of TiO2 resulted in an impurity level below 

the minimum conduction band of TiO2 acting as a trap for photoexcited electrons thereby 

reducing the interband recombination. On the other hand, rGO formed channels with TiO2 for 

fast transfer of excited electrons towards rGO which in turn reduced the surface recombination 

and enhanced the photocatalytic efficiency of the composite. The rGO/TiO2 composite was 

studied in detail in our next work with experimental analysis for better understanding of the 

optical and morphological properties along with charge dynamics. Different composites were 

synthesized using various weight ratios of rGO and TiO2. rGOT-3 (rGO/TiO2 weight ratio of 

3) showed the best photocatalytic activity towards degradation of p-NP owing to better 

dispersion of each TiO2 nanoparticles which allowed to form strong interaction with rGO 

creating Ti-O-C channel at interface. The resulting high optical absorption coupled with high 

mobility Ti-O-C channels assisted in charge separation through fast transfer of electrons at the 

interface from TiO2 to rGO.  

       These research activities can be considered as an important step towards fabrication of an 

ideal photocatalyst with highest efficiency. However, one vital step towards making the whole 

process renewable and sustainable is to test the synthesized catalyst in direct sunlight. WO3 

coatings synthesized by PLD were evaluated for photocatalytic measurements of MB dye under 

artificial visible lamps and tested in a solar parabolic dish concentrator (PDC) type system 

under natural sunlight. The coatings demonstrated enhanced photocatalytic degradation under 

photo-Fenton conditions due to the flower-like surface morphology that provided high surface 

area allowing an enhanced interaction between the dye molecules and the active sites for 

photocatalytic reactions. Moreover, the WO3 coatings exhibited the best photocatalytic activity 

at pH 4, thus showcasing a high potential for industrial applications in acidic environments. 

        The future work includes testing the CoFe2O4/CoO and W-TiO2/rGO photocatalysts under 

concentrated sunlight. Also, it would be interesting to deposit the metal oxide photocatalysts 

on different substrates like activated carbon or graphene during PLD and study its effect. 

Powder catalysts are less stable and tend to agglomerate leading to reduced photocatalytic 

activity. Hence, synthesis/fabrication of different metal oxide photocatalysts using PLD would 

be an interesting endeavour involving doping and composite strategies.  
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b) Energy 

       Fossil fuels are facing an immediate threat of depletion which could disrupt the energy 

driven activities of the whole world. Moreover, the emissions of greenhouse gases from fossil 

fuel burning have resulted in major climatic changes affecting not only the atmosphere but also 

the aquatic as well as terrestrial ecosystems. These reasons have prompted the need for an 

efficient and renewable energy source which is clean and contributes to a carbon neutral 

economy. Hydrogen has emerged as one of the most promising renewable energy carriers due 

to its high gravimetric energy density and zero emission of greenhouse gases. However, 

hydrogen is not available in free form on our planet and mainly exists in compounds such as 

hydrocarbons, chemical hydrides and water. At present, most of the hydrogen production 

occurs via steam reforming of natural gas, an energy intensive process relying on non-

renewable energy sources with the release of enormous amounts of greenhouse gases. Thus, it 

is important to look for alternatives for production of hydrogen through a clean process. 

Electrochemical and photoelectrochemical water splitting are promising techniques for 

producing renewable H2 given the simple nature of the process along with no harmful gas 

emission and high conversion efficiency. The produced hydrogen can be directly used in a fuel 

cell to generate electricity with water as the by-product, thus, making the whole hydrogen 

energy cycle environmentally green and sustainable. 

      The catalysts used in the electrochemical cell like Pt and Pd are noble elements and hence 

suffer from high cost and less abundance hindering their implementation on an industrial scale. 

Researchers have been developing new catalysts as anodes and cathodes, made up of cheap, 

economical and scalable materials demonstrating high catalytic activity for H2 production with 

high efficiency and low overpotentials. In this thesis, we reported deposition of nickel oxide 

films by Pulsed Laser Deposition (PLD) exhibiting good electrochemical activity as water 

oxidation catalysts (WOC’s). The synthesized films showed high optical transmittance paving 

way for use in functionalizing solar light absorbing photoanodes for photoelectrochemical 

(PEC) technology. In the final work, we fabricated mixed metal oxide coatings by PLD as 

efficient WOC for oxygen evolution reaction (OER). The addition of boron lead to enhanced 

catalytic activity of the coatings due to the reduction in kinetic barrier for formation of active 

oxide species, a key step in determining the electrochemical performance. The mixed metal 

oxide coatings also displayed superior activity for OER compared to single metal oxide 

coatings. This work opens up interesting possibilities of enhancing the catalytic activity by 

inclusion of boron.  
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The future work includes testing the synthesized mixed metal oxide and nickel oxide films as 

co-catalysts over solar absorbers in PEC cell. It will also be interesting to deposit mixed metal 

oxide coatings of different transition metals and study their electrochemical activity with and 

without the presence of boron. 
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