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Abstract 

Extensive industrialization and rapid population growth with the global energy demands are 

rising due to high growth rate of urbanization and industrial expansion, which are some of the 

greatest challenges of this century. The rapid depletion of the world‟s primary energy 

resources, carbon-derived fossil fuels, and the deleterious environmental impacts associated 

with their use and processing, such as global warming and disruption of ecological balance, 

have induced growing concerns in global communities. As fossil fuels are the primary 

contributor to global warming, provide the majority of the world's energy demands, energy 

generation from alternative renewable resources become indispensable. The quantity of solar 

energy that enters the atmosphere of earth every hour greatly exceeds the yearly global 

energy needs. Conversion of solar energy to generate hydrogen (H2), which is an ideal fuel, 

abundant, free of cost and clean source of energy has emerged as a potential long- term 

alternative. After Fujishima-Honda's discovery of water-photolysis on a semiconductor 

electrode made of TiO2 in 1972, vast majority of research has been devoted on semiconductor 

photocatalysis that continues to grow even today, despite the fact that the UV activity of TiO2 

and many other oxide semiconductors limits their utility in solar radiation. Considering the 

abundance of „visible light‟ amounting to ~ 43% of incoming solar energy, a lot of research 

efforts in the global arena have been dedicated toward the synthesis of photocatalysts that are 

visible light active for the effective use of solar energy. Semiconductor photocatalysis for 

CO2 reduction and hydrogen production from water renders a sustainable solution toward use 

and generation of renewable energy. An effective photocatalyst powered by sunlight would 

ideally find niche uses in some of the growing fields of environment and energy. Generally, 

the efficiency or usage of photocatalysts are limited due to issues related to photocorrosion, 

photostability, reusability, inefficient charge-carrier separation and fast recombination 

resulting in low photocatalytic efficiencies for visible-light/sunlight utilization. Several 
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methodological techniques are used for the production of visible light driven photocatalysts 

through band gap engineering. To develop visible-light active semiconductors, doping of 

metal ions with partially filled d orbitals in oxides is being widely investigated. Moreover, for 

improving upon the efficiencies of photocatalysts, use of co-catalysts or metal nanoparticles 

in the form of heterojunction or composites has been explored. The loading of cocatalysts or 

metal nanoparticles enhances charge separation due to suitable band level positioning or high 

conductivity of metals, respectively.  

In view of this, one of the cleanest and most sustainable routes for H2 evolution is solar-

assisted photocatalytic (PC) water splitting. Nevertheless, the efficiency of PC water splitting 

systems is rather low till date, owing to the low solar conversion productivity of singular 

semiconductor photocatalyst. Thus, this thesis work aims to rationally design and develops an 

efficient novel cost-effective, stable and eco-friendly Ta3N5-based photocatalyst and suitably 

modified novel co-doped Ta3N5/BSC@PANI photocatalyst, and integrates them into a PC 

system for effective solar driven overall water splitting. Despite its excellent PC performance 

as a base Ta3N5 photocatalyst, its efficiency is limited by its sluggish charge transfer kinetics 

and rapid electron-hole recombination rate. To alleviate these intrinsic material issues, novel 

surface modification is done by introducing BSC on the surface of Ta3N5 photocatalyst. Hole-

transporting conductive polyaniline (PANI) are synthesized on the surface of BSC/Ta3N5 

through chemisorption process means to construct the novel hierarchical BSC/Ta3N5@PANI 

photocatalyst. The PANI allows the effective transport of photogenerated holes to PANI 

surface from the Ta3N5 surface to deter electron-hole recombination. The synergistic 

interactions between Ta3N5, PANI, and BSC collectively contribute to enhanced solar 

absorption, improved charge transfer and hindered charge recombination.  

One of the important solutions for resolving the energy crisis is photocatalytic hydrogen 

generation. Therefore, this thesis has discussed inexpensive, stable and environmental 
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friendly Ta3N5 based photocatalysts with heterojunction, namely Ta3N5/BSC@PANI, V@S-

Ta3N5/PANI and Nb-Ta3N5/PANI photocatalysts for improved water splitting to produce 

hydrogen. We have designed simple, cost-effective photoreactor to boost photocatalytic 

activity for efficient water-splitting processes for H2 evolution.  

In the first work, one-pot hydrothermal method was used to synthesize Ta3N5/BSC@PANI 

photocatalyst. It was noted that Ta3N5/BSC@PANI (76.9           ) photocatalysts 

showed ~3.42 folds enhanced photocatalytic hydrogen production activity as compared to 

bare Ta3N5 (22.5           ). The improved hydrogen production was attributed to better 

light absorption and rapid charge carrier separation characteristics of Ta3N5/BSC@PANI 

photocatalyst as analyzed by photoluminescence (PL), electrochemical impedance 

sepectroscopy (EIS) and ultraviolet–visible diffuse reflectance spectroscopy (UV–vis DRS) 

studies. In the second work, simple hydrothermal and chemisorption methods were used to 

synthesize V@S-Ta3N5/PANI photocatalyst. V@S-Ta3N5/PANI photocatalyst was 

responsible for visible light absorbance as evidenced by UV-DRS spectra. Moreover, V@S-

Ta3N5/PANI (98.4           ) photocatalyst exhibited ~ 4 folds enhanced hydrogen 

production activity compared to Ta3N5.  

In the third work, composite photocatalyst was synthesized by using chemisorption process. 

The H2 yield of Nb-Ta3N5@PANI composites photocatalyst is 71.3           , 3.17 folds 

greater than Ta3N5.  

As a result, all the synthesized composite photocatalyst is cost-effective, stable and eco-

friendlyand shows superior photocatalytic activity for H2 evolution. Although, co-doped 

V@S-Ta3N5/PANI hybrid photocatalyst with enhanced photocatalytic performance could be 

promising candidate for water splitting with significant application potential toward 

environmental sustainability.While Ta3N5/BSC@PANI shows excellent photostability upto 6 

cycles among all the synthesized photocatalysts. The invention of pn-heterojunctions has 
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resulted in improved charge carrier separation and transfer, which was supported by UV-vis 

DRS analysis, was the cause of the increased photocatalytic activity. It is anticipated that the 

outcomes of this thesis are pivotal for the building of a solid foundation for future work in the 

research field and to drive continuous efforts for the eventual global transition to a 

decarbonised H2 economy. 
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Fig. 4.3 UV-Vis spectra of the pure Ta3N5, V and S doped- Ta3N5, V@S-codoped 

Ta3N5 and V@S-Ta3N5/PANI composite materials. 

Fig. 4.4 XRD data of the pure Ta3N5, V and S doped- Ta3N5, V@S-codoped Ta3N5 

and V@S-Ta3N5/PANI composite materials 

Fig. 4.5 Band gap energies of the (A) pristine Ta3N5, (B) V-doped Ta3N5, (C) S-

doped Ta3N5 and (D) V@S co-doped Ta3N5 calculated by Tauc plot. 

Fig. 4.6 FE-SEM morphology of the synthesized (A) undoped Ta3N5; (B) V doped 

Ta3N5, (C) V@S codoped-Ta3N5 and (D) V@S-Ta3N5/PANI composite. 

Fig. 4.7 (A) Nyquist plot of undoped Ta3N5, V-doped Ta3N5, S-Ta3N5, and V@S 

codoped-Ta3N5, (B) shows the    evolution activity of the of undoped 

Ta3N5, V-doped Ta3N5, S-Ta3N5, and V@S codoped-Ta3N5synthesized 

materials, (C)    evolution activity of the synthesized materials with time 

and  (D) displays the recyclability of the Photocatalyst to check the 

stability up to 5 cycles. 

Fig. 4.8 Schematic diagram of photocatalytic mechanism for the evolution of   . 

Chapter 4 (C) 

Fig. 4.1 Design photoreactor set-up for photocatalytic water splitting for the 

evolution of H2 

Fig. 4.2 Design photoreactor set-up for photocatalytic water splitting for the 

reduction of CO2 into valuable fuels. 

Chapter 4 (D) 

Fig. 4.1 Designed experimental setup for water-splitting toward photocatalytic H2 

evolution. 

Fig. 4.2 (a) UV-Vis spectra of the Ta3N5, Nb-Ta3N5, and Nb-Ta3N5@PANI 

composite materials, (b-c) band gap energies of the Ta3N5 and Nb-Ta3N5 

calculated by Tauc plot, (d) XRD data of the Ta3N5; Nb-Ta3N5, Nb-

Ta3N5@PANI composite materials and (e-f) FE-SEM of Ta3N5 and Nb-

Ta3N5@PANI. 

Fig. 4.3 (a) H2 evolution activity of Ta3N5, Nb-Ta3N5, and Nb-Ta3N5@PANI 

synthesized materials, (b) Recyclability of the photocatalyst to check the 
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stability up to 3 cycles and (c) XRD image of synthesized photocatalyst 

before and after the reaction. 

Fig. 4.4 Schematic representation of the photocatalytic mechanism for all 

photocatalysts. 
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Chapter 1 

1. Introduction 

1.1. Background and Research Motivation 

1.2. Energy and Environmental Scenario (Crisis and Solutions) 

Since natural scientists describe energy as the "ability to do work" (without energy, there is 

no life), they rarely make observations about the nature of the work that is made possible or 

how this impacts the definition of energy [1]. While there are numerous types of energy, they 

can be roughly classified as follows: First, there is kinetic energy, also known as "energy in 

motion," that includes the subfields of electricity, motion, radio waves, sound, and thermal. 

Second, there is potential energy, which is stored energy in an object, while there are several 

different kinds of potential energy, including gravitational, chemical, mechanical, nuclear 

(both strong and weak), and solar energy [2-3]. Energy is the capacity to perform work, but 

energy is also required to perform that task. Indeed, potential energy can be converted into 

kinetic energy, and the reverse is also true [4]. We now understand that there are two primary 

categories of energy: kinetic energy and potential energy. But exactly what is the much 

energy that exists? There are many diverse manifestations of energy, after all. Some 

examples of energy sources are: chemical, electrical, electromagnetic, gravitational, heat, 

hydro, magnetic, mechanical, nuclear, radiated, mechanical, wind, sound, thermal, and solar 

[5]. Energy cannot be created or destroyed, according to the fundamental law of science 

known as the law of conservation of energy. Only an object can be moved, or a form can be 

converted into another [6-7]. Where can energy be found if it cannot be created? There are 

basically three different kinds of energy sources. They have been classified into three distinct 

groups: non-renewable energy (fossil fuels), energy from renewable sources, and alternative 

energy [8]. Fossil fuels, because of the significant quantity of carbon dioxide they emit are 

non-renewable sources of energy and, are commonly referred to as filthy energy sources. The 
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major energy comes from the non-renewable sources are about 35% is comes from oil, 27% 

from coal, 23% from natural gas, 6% from nuclear (nuclear energy is a non-renewable 

resource because the uranium is most commonly used material that is finite. Nuclear energy 

is considered as a clean energy, but there is a subject of major debate over whether it belongs 

on the list of renewable energy sources. For the better understanding of this debate firstly we 

need to understand the definition of renewable energy and nuclear energy. Renewable energy 

is defined as an energy source that has an infinite capacity to regenerate and replenish itself. 

On the other hand nuclear energy is a result of heat generated through the fission process of 

atoms. The fission releases energy in the form of heat and neutrons. The released neutrons 

then go on to hit other neutrons and repeat the process, hence generating more heat. Mostly 

uranium is used as a fuel for nuclear fission [9]. Advanced nuclear energy is truly renewable, 

while proven uranium reserves only provide an additional 90 years of useful life for legacy 

technology, advanced technology can last for thousands of years [10]), and the rest from 

sunlight, wind, biomass, and geothermal. However, over 80% of the energy we consume 

globally now comes from fossil fuels [11]. There are four different kinds of fossil fuels: 

petroleum, coal, natural gas and orimulsion [12]. 

As the human population is increasing day by day leading to the expansion of 

industrialization. There are currently more than 7 billion people on the planet, with a 

projected growth to 9 billion by 2050 [13, 14]. The expected increase in energy demand 

would more than double due to the growing population, rapid expansion, and global 

economic growth. By the end of the 21
st
 century, the demand for energy is expected to more 

than quadruple, from its projected peak of 30 TW in 2050 [15-17]. With the steadily 

increasing need for energy, particularly in developing nations, it is a major difficulty to 

supply such a vast amount of energy to society. At the moment, fossil fuels like natural gas, 

oil, and coal provide the majority of the energy [18]. However, long-term use will deplete the 
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amount of fossil fuels. Furthermore, even though fossil fuels are infinite, their on-going usage 

has undesirable side effects like pollution ('Pollutants' are defined as anthropogenically-

introduced substances that have harmful effects on the environment and human health while 

'Contaminants' are well-defined as inputs of unfamiliar and potentially toxic substances into 

the environment; not all contaminants cause pollution, due to their low concentrations.) that 

endangers to human health and production of GHG which causes to the environmental 

damage [19]. Carbon dioxide (CO2) is the major GHS which is produced due to combustion 

of fossil fuels. CO2 concentrations in the atmosphere have risen rapidly during the preceding 

century, with an average annual increase of 2 ppmv in the last ten years [20]. Methane (CH4) 

and nitrous oxide (N2O) levels have also increased significantly. CO2 emissions from energy 

use account for over 70% of global emissions. Smaller shares are accounted for by 

agriculture, which mostly relies on domestic livestock and rice farming to produce CH4 and 

N2O, and by industrial operations distinct to energy, which primarily produce fluorinated 

gases and N2O [21, 22]. 

1.1.1. Non-renewable sources of Energy (Fuels from fossil sources and GHGs) 

 Coal, gas, oil and other fossil fuels are called non-renewable sources of energy since they 

need decades to refill. Although fossil fuels are utilised extensively, their efficiency and 

affordability are dwarfed by their consumption, resulting in their elimination from the earth's 

crust. Fossil fuels are the primary energy sources and electricity productions are the main 

cause of CO2 emissions, according to fig. 1.1 oil accounted for 33% of global fossil fuel 

consumption in 2019. Coal (27%) and natural gas (21%) came in second and third, 

respectively. Renewable energy use is rather modest, with hydropower leading the way with 

a 2% consumption rate [23].  
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Fig.1.1 (a) Total primary energy supply (TPES), (b) total electricity production (TEP), 

and (c) total carbon dioxide emissions (CO2) by energy source (other includes biofuels, 

geothermal, solar, waste, heat, and wind, and others) [24] 

The fundamental concern with fossil fuel usage is that it directly adds to GHG emissions, 

resulting in a damaged environment and an ongoing temperature increase in the Earth's 

atmosphere. In light of the aforementioned information, the rise in average world temperature 

to 1.5-2°C recommended by conference of Intergovernmental Panel on Climate Change 

(IPCC), which would need around 275 billion tons of carbon dioxide being released into the 

atmosphere. Additionally, the global temperature will rise by 2 to 6 degree Celsius by the end 

of the twenty-first century the predicted by the International Energy Agency [25, 26]. In order 

to deal with it, there are two basic options: We can either cease using fossil fuels (which is 

very impossible), or we attempt to recycle these GHGs by transforming into fuels. Table 1.1 

provides the percentage of energy consumption sources in India [27]. In addition, 
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environmental pollution caused by fossil fuels increasing energy costs has made us work on 

alternative energy fuels [28]. 

Table 1.1 Source-wise energy consumption in 2018-19 (India) [27] 

Sources of Energy Consumption in Percentage 

Coal 43 

Crude Oil 35 

Electricity from Hydro, Nuclear and ORS 13 

Natural Gas 7 

Lignite 2 

 

1.1.2. Natural Energy Sources     

Alternative energy could be utilised in place of fossil fuels which usually has little impact on 

the environment. Renewable energy is derived from natural processes that are replenished 

constantly. Here are a number of alternative energy sources, including sun, wind, rain, tides 

of ocean, biomass and geothermal resources from heat generated deep within the earth [29, 

30]. 

1.1.3. Greenhouse Effect remedy: renewable energy 

For alleviating energy issues, renewable energy sources are vital. Renewable energy is 

defined as energy produced from regularly occurring, consistent energy fluxes in a given 

environment. Along with a few constraints on efficiency, utility, or applicability, this energy 

must be used to reduce the greenhouse gases emission and negative influence on the 

environment. With 7% of all energy 60% and of all renewable energy coming from 

hydropower, it is one of the most widespread, well-known, and long-lasting sources of energy 

[31, 32]. The largest hydropower producer in 2019 was China, which produced 1302 TWh of 



 

6 
 

hydropower annually, followed by India, which generated about 164 TWh. On the contrary, 

wind energy is pure and among the most environmentally beneficial forms of energy 

generation. It is obtained through the rotation of turbines and transformed into usable power 

for water pumping, grain milling, and marine shipping [33]. Wind energy accounts for only 

2% of all energy output in India [34]. Geothermal energy, the heat in the interior of the earth, 

is not related to solar energy but is ultimately generated by gravitational energy and the 

radioactive decay of unstable atoms. It is renewable in the sense that there is a huge amount 

of heat stored in the body of the planet and human consumption cannot deplete the energy 

reservoir [35]. Despite the fact that geothermal energy produces less greenhouse gas than 

burning fossil fuels, hot water supply and power can still be provided [36, 37]. Additionally, 

biomass produces 10% of the world's fuel, which burns at temperatures above 400°C and can 

be utilised to generate energy [38]. However, biomass energy production suffers from high 

installation costs and environmentally unfavourable temperatures. Furthermore, the majority 

of biomass, especially agricultural biomass, originates in rural areas and can only be 

adequately managed with significant local community involvement [39].  

Solar energy offers the best chance of supplying the world's rising energy needs among 

renewable energy sources. Comparing the cost of installing the equipment to other high 

efficiency energy sources, it is noticeably less expensive [40]. The only problem with solar 

power generation is that its production efficiency is dependent on the weather, but that can be 

fixed with suitable storage devices [41]. 

In the modern era, worldwide researchers are working to find sustainable, clean energy 

sources to replace conventional fossil fuels. Renewable energy offers a practical solution to 

this enormous dilemma. Renewable energy growth is required to maintain a balance between 

energy supply and demand, even if it is currently far from viable in terms of capacity and cost 

as compared to fossil fuels. The sun is among the most plentiful source of energy on planet 
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[42]. Even in the most extreme scenarios of energy demand, it provides 120,000 TW of 

radiation on the surface of earth, considerably in excess of what humans will ever need [43, 

44]. Solar energy has the capability to replace the widely used fossil fuel resource in the near 

future. While the contribution of solar energy to global electricity production remains 

generally low due to the solar energy accessibility varies it depends on the location, a cycle of 

night/day, the existence of clouds, etc. It is due to the sun erratic behavior, there are 

significant technological challenges associated with the practical use of solar energy, 

including efficiently converting sunlight into valuable energy and storing and distributing that 

energy to consumers in a form that is both affordable and practical [45]. Globally, solar 

photovoltaic (PV), the simple method for the direct transformation into electrical energy of 

solar energy, is experiencing significant expansion. Though, scalability and large initial 

expense are disadvantages of this method. Transportable fuels or chemicals are preferred for 

the conversion of solar energy. By using solar power to electrolyze water into H2 and O2, it 

has been possible to develop an established and mature technique to produe chemical fuels 

from solar energy. The challenge associated with this particular technique is linked to 

scalability limitations, which makes it arduous to achieve energy production at a terawatt 

(TW) level [46, 47]. Therefore, direct conversion into chemical fuels of solar energy is 

preferable because it offers a built-in way to extract solar energy, distribute it economically 

through the current infrastructure, and utilize it in the industrial, residential, and transport 

sectors [48]. The main merits and demerits of sources of renewable energy, such as hydro, 

wind, biomass, geothermal and solar, are given in Table 1.2 [49-56] 

Table 1.2 Merits and demerits of renewable energy technologies 

Type of 

Renewable 

Energy 

Energy source Merits Demerits Ref. 
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Hydropower 

 

 

The energy 

produced from 

the falling or 

fastflowing 

water to 

electricity or 

power 

machines 

Reliable, low 

operating and 

maintenance cost, and 

adjustable to change 

in 

the load 

 

High capital cost, 

depending on 

precipitation, and 

displacement of the 

people from reservoir 

area requires 

[52] 

Wind  

 

Wind energy is 

converted into 

electricity 

using 

turbines 

 

Unlimited wind 

availability 

 

Expensive 

maintenance cost, 

irregularity in wind, 

noisy, interfering radio 

signals and kills the 

migratory bird 

[53] 

Geothermal  

 

The 

underground 

heat is 

converted 

into electricity 

 

Low operating cost Limited amount of 

geothermal energy 

locations, limited 

energy, and 

transportation of the 

stored energy is 

difficult 

[54] 

Biomass  

 

The energy is 

produced from 

plant or animal 

materials 

Most of the raw 

materials from 

agricultural and forest 

waste 

Limited resources  [55] 

Solar  

 

 

Utilizes energy 

from solar 

light 

and is 

converted 

into electricity 

or 

thermal energy 

Low operating costs, 

unlimited source of 

energy, and very little 

maintenance 

costs 

 

Currently expensive 

due to raw material 

processing and 

depends on the 

sunshine 

 

[56] 
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India produced 4% of its electricity from solar energy in 2020 [57]. Furthermore, it can be 

used to generate hydrogen (H2) from organic waste and polymers, which is affordable as a 

fuel, doesn't require a lot of industrial machinery, and can function at lower temperatures and 

pressures [58]. A brief description of hydrogen (H2) as a fuel for various technologies is 

provided in the section that follows. 

1.1.3.1. Hydrogen (H2) as fuel 

Regardless of the above-listed renewable energy sources (in Table 1.2) researchers are still 

investigating other clean and carbon-neutral energy sources to replace fossil fuels. In this 

aspect, hydrogen is considered a suitable candidate and can be obtained from various 

abundant sources [59]. Hydrogen is carbon neutral and portable fuel carrier with high energy 

density (120 to 140 MJ/kg), a potential substitute for current fossil fuels with clean emissions. 

The supreme attractive quality of hydrogen as fuel is its non-toxic combustion by-product 

(H2O) in addition to having a high calorific value than other fuels. Moreover, through the 

Fischer-Tropsch method, it has been employed in the manufacturing of ammonia, processing 

of fossil fuels, methanol production, and hydrogenation processes industries to produce liquid 

hydrocarbon fuel [60]. In recognition of its low capacity to emit harmful emissions, hydrogen 

has emerged to be a viable energy source. When we switch to hydrogen fuel cells from our 

existing fossil fuels, it is predicted that human-caused hydrogen emissions will increase by 

60–120 Tg/year. This would directly cool the lower stratosphere and have an influence on 

ozone chemistry by delaying the expected retrieval from chlorofluorocarbons [61]. 

Depending on its production process and the energy conversion system applied, lower 

emissions of carbon dioxide (CO2), particles, and nitrogen oxides (NOx) are possible with 

pure hydrogen, the most basic and powerful chemical fuel. More than 200 years ago, one of 

the earliest internal combustion engines (ICE) automobiles used hydrogen as fuel [62]. Like 
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conventional fuels, hydrogen fuel-powered vehicles can be filled up relatively rapidly. Fuel 

cells (FCs) are effective and scalable apparatus that can convert and store the chemical 

energy held by H2 molecules in the form of electricity [63, 64]. To boost electrical efficiency, 

power generators and turbines operate at higher temperatures (600–1000°C) using molten 

carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) [65]. Alkaline fuel cells 

(AFCs), often referred to as low temperature fuel cells (LTFCs), are described as reasonably 

priced fuel cells with changeable parts and are employed at low operating temperatures (60-

100°C). With low working temperatures (50–80°C) and a small footprint, the proton 

exchange membrane fuel cell (PEMFC) is widely investigated and utilised FC and a viable 

choice for portable electronics and electric vehicles [66, 67]. Astronauts can also use the 

water created as a byproduct of using hydrogen fuel cells as their source of drinking water 

[68]. In addition to these fuel cells, portable electronic vehicles and forklifts run on hydrogen 

and require less maintenance because they don't need to be charged, balanced, watered, or 

cleaned [69]. In addition, hydrogen is utilised to fuel aircraft, heat homes, and power mining 

equipment [70]. The ability to transport hydrogen by sea is one of its main benefits. In 

contrast to ordinary oil spills that harm marine habitats, cause pollution, and increase the cost 

of moving heavy equipment and clean up, hydrogen spills are impossible [71]. Additionally, 

if we use hydrogen, we do not need to drill far below the surface to get oil, damaging the 

land's ecosystems in the process. 

1.1.4. Hydrogen generation 

H2 is not available on earth in its pure form. However, it naturally occurs in the form of 

hydrocarbons, biomass, or water [72]. In order to reduce greenhouse gas emissions and 

decarbonize the energy, transportation, and chemical industries, hydrogen is a promising 

energy source and feedstock. Therefore, various processes are being developed to produce 

hydrogen from different raw materials and sources, categorized under conventional 
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techniques (fossil fuel-based) or renewable techniques, as shown in Fig 1.2. Conventional 

techniques, such as hydrocarbon reformation and hydrocarbon pyrolysis, require high energy 

and emit greenhouse gases [73]. On the other hand, hydrogen production from renewable 

sources, such as water and biomass, can be economical. The selected technologies rely on 

feedstocks with an existing large-scale distribution network, i.e. natural gas and water, and 

are preferentially characterized by a high technology readiness level (TRL). Moreover, the 

hydrogen generation technologies are designated to comprise one example for each of the 

hydrogen colors: (i) grey hydrogen obtained by steam methane reforming, (ii) blue hydrogen 

obtained via steam methane reforming with carbon capture and storage, (iii) turquoise 

hydrogen obtained through methane pyrolysis, and (iv) green hydrogen obtained by polymer 

electrolyte membrane water electrolysis [74]. 

On the contrary, electrolysis of H2O molecules emerged as a potentially useful method for 

producing hydrogen gas with high efficiency (70-80%) and negligible transit cost [75]. 

Thermochemical water splitting refers to a technique in which heat is used to drive chemical 

processes in the presence of a catalyst, yielding hydrogen gas [76]. Additionally, H2 gas can 

be produced from the dissociation of H2O molecules by radiolysis (the application of 

radioactive radiation) in a nuclear power plant [77].  
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Fig. 1.2 Hydrogen production methods (a) Fossil fuel source (b) Nuclear energy and (c) 

Renewable source [78] 

The complexity of the equipment needed for each of the aforementioned approaches, as well 

as their high working temperatures, are seen as substantial barriers to effective and mountable 

technological advancement in the field of hydrogen generation. Hydrogen production from 

water has advantages, which include abundant and clean sources for hydrogen than biomass 

[79]. Therefore, hydrogen production from water has gained significant attention. Honda and 

Fujishima in 1970s suggested the water splitting process is catalysed by TiO2 at room 

temperature [80]. After that, a number of scientists have investigated novel approaches to the 

manufacture of catalysts for water splitting at room-temperature to create hydrogen gas. 

Water splitting in this context refers to the separation of the water molecule into its hydrogen 

and oxygen components. Hydrogen synthesis through water splitting has been regarded as a 

safe and effective method. There are several ways for producing hydrogen, both renewable 

and non-renewable, including natural gas steam reforming, coal gasification, wind and sun 

electrolysis, thermochemical water splitting and high temperature electrolysis. 

Most of the hydrogen manufactured from non-renewable sources (96%) while 4% is 

responsible for the electrolysis of water/water splitting (renewable source) as shown in figure 
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1.3. 

 

Fig. 1.3 schematic representation of the H2 production from H2O and overall percentage 

of H2 production from others sources [81] 

1.1.4.1 Production of H2 using fossil fuels (non-renewable) 

1.1.4.1.1. Steam reforming 

At the moment, it is the most popular and affordable technique of producing hydrogen. 

Before being fed through a reactor heated from the outside and steam reforming to produce 

carbon monoxide (CO) and hydrogen (H2), natural gas must first be purified of any 

contaminants. Following that, the CO and H2O are transformed into H2 and CO2 through a 

catalytic water-gas shift process. After that, the hydrogen gas is purified. Large reformers 

(e.g., 100,000 tonnes annually) may achieve yields of more than 80% with this technique 

[82]. Smaller reformers have been demonstrated to be less efficient, especially when used 

with tiny fuel cells. 

1.1.4.1.2. Gasification 

Gasification is defined as the process of converting any carbon-based raw material into 

synthetic gas using air, water vapour, or oxygen. Many raw materials and wastes, including 

coal, car tyres, sewage sludge, wood, sawdust, and plastic waste, can be easily and effectively 

converted into useful products by using gasification techniques. Because of the number of 

coal reserves globally and economically accessible technology, coal is feasible choice for 

producing hydrogen in big plants. Gasification is a more suited process than the currently 
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used ones (such as electrolysis) for turning coal to H2. Coal is partially oxidised in a high-

pressure, high-temperature reactor during the coal gasification process using steam and 

oxygen. The main end products are syngas, which are primarily CO and H2. The syngas 

passes through a shift process to produce more hydrogen. The gas can be typically purified to 

extract elemental sulphur or create sulfuric acid. A gas turbine may be used to generate 

electricity by burning part of the syngas. Coal gasification appears to be a significant process 

for cleaner and more cost-effective generation of energy and other chemical products due to 

coal high carbon content as compared to alternative feedstock options [83]. To address this 

problem, Carbon Capture and Storage (CCS) systems are being developed. Today, a major 

coal gasification plants, it costs slightly more to produce hydrogen than it would if it were 

made from natural gas. However, compared to those employed in the steam reforming of coal 

gasification and natural gas procedures are less clearly defined. Examining the economics of 

creating hydrogen from coal vs other fossil fuels, coal gasification plants have higher unit 

capital costs while their unit raw material costs are lesser [84]. 

1.1.4.2. Hydrogen production from nuclear energy  

1.1.4.2.1.  Thermochemical water splitting 

Hydrogen may be produced in nuclear reactors through thermochemical water splitting cycles 

when the temperature is 500 °C or greater [85, 86]. At higher temperatures, better efficiencies 

and reaction speeds can be attained. There have been over 100 putative high temperature 

water-splitting thermochemical methods put out so far [87]. This study investigates the Cu-Cl 

and S-I thermochemical cycles. The thermochemical Cu-Cl cycle was first proposed in the 

1970s. Currently, certain commercially available Cu-Cl cycles are being evaluated. At 

operating temperatures of around 550 °C, Cu-Cl cycles are projected to achieve efficiencies 

of about 40% (cogeneration of electricity is excluded). The reduction of the temperatures 

required for good efficiency in thermochemical Cu-Cl cycles is one of the primary issues. 
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Thermochemical S-I cycles can achieve higher efficiency (around 60% with cogeneration of 

electricity). However, for these cycles, temperatures between 825 and 900 °C are required 

[88, 89]. Special reactors must be built for these thermochemical cycles employing unique 

chemically inert materials proficient of withstanding high temperatures. Another key obstacle 

for thermochemical cycles is the development of these unique materials in a way that is 

commercially viable. Thermochemical cycles, however, exhibit encouraging outcomes to be 

taken into consideration as prospective strategies to create hydrogen [90]. 

1.1.4.2.2. High temperature electrolysis 

The nuclear power plant‟s efficiency (about 33% with modern reactors) limits the electricity-

to-hydrogen conversion efficiency of this technology, even though it can touch as high as 

80% under pressure [91]. Reactors with higher outlet temperatures could be created as a 

solution to the poor efficiency issue. For instance, at 950 °C, the 20% efficiency from 350 °C 

rises to nearly 50% [92]. 

1.1.4.3. Hydrogen production from renewable energies 

1.1.4.3.1. Electrolysis 

Many years ago, coal gasification and water electrolysis processes were used in India to 

produce hydrogen for ammonia synthesis. FCIL owned and operated five fertiliser plants in 

Gorakhpur, Korba, Ramagundam, Sindri, and Talcher. Three of these fertiliser plants, located 

in Ramagundam, Sindri, and Talcher, used coal gasification technology to synthesise 

ammonia, but they were closed in the late 1990s to early 2000s due to economic unviability 

[93]. However, because India has large reserves of coal and import dependence on NG is 

increasing, the Talcher plant is likely to be operational again by 2023 using coal gasification 

technology. During the 1960s, the urea production plant in Nangal, Punjab, was equipped 

with AE for hydrogen production because it was relatively inexpensive, and surplus 

hydroelectricity was used from the nearby Bhakra multipurpose project. When the demand 
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for electricity increased, it was later replaced by a fuel oil-based system [94]. Electrolysis 

generates clean hydrogen, devoid of impurities like carbon and sulphur. However, the prices 

and energy needs of electrolysis are greater than those of fossil fuel-based alternatives [95]. 

Nevertheless, owing to its portability and suitability for niche applications, electrolysis is still 

considered a viable option for producing hydrogen on a smaller scale at an affordable cost. 

They are also compatible with all standard gas stations. 

1.1.4.3.2 Solar photovoltaic 

This is one of the most expensive ways to produce H2. With current technology, photovoltaic 

electrolysis costs around 25 times more to produce hydrogen than fossil fuel alternatives. 

However, this factor is predicted to decline as the price of solar cells [96]. 

1.1.4.3.3. Wind 

This approach, especially for distributed systems, has perhaps the most potential amid 

renewable sources to generate pollution-free hydrogen by electrolysis using wind turbine 

electricity. The expense of wind turbines and electrolyzer is one of the difficulties of this 

technique. Another obstacle to harnessing wind energy to generate H2 is the optimisation of 

the turbine electrolyzer storage system. Utilizing wind turbines to produce hydrogen is almost 

6–10 times more costly than doing it using fossil fuels. In the future, this gap is anticipated to 

be cut in half [97]. 

1.1.4.3.4. Biomass gasification 

Biomass resources may be used to produce hydrogen, such as waste from the processing of 

wood, forestry, and agriculture, as well as from municipal and animal waste and/or crops. 

Currently, a large-scale, cost-effective hydrogen production technique using biomass 

gasification is not possible. On the other hand, this strategy enables the clean recovery of 

energy from municipal and agricultural waste. Since the carbon dioxide emitted when the 
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biomass is oxidised may be taken from the environment and repaired by photosynthesis in the 

biomass growth process, this technique has the potential to reduce the net CO2 emissions 

more than fossil fuels. A major concern with this approach is the potential for problems with 

natural resources and land needs as a result of growing huge volumes of biomass as energy 

outputs. One of the many ecological and sustainable methods for producing H2 that were 

mentioned above is solar water splitting [98].  

1.2. Water Electrolysis/splitting 

The earth surface is enclosed with more than 70% water which makes it an attractive and 

alternative feedstock of energy as it is regenerated back into nature. It is a possible substitute 

of liquid and fossil fuels to generate energy via hydrogen production [99]. Hydrogen is the 

first and simplest element of the periodic table and presents plenty in nature. It has a very 

high heat of combustion 34.19 kcal/g and very high energy storage capacity 120 kJ/g. 

Because of significant energy storage capacity, it could be used as fuel to release energy for 

the targeted mechanical processes. H2 is produced industrially from coal gasification, steam 

methane reforming and water electrolysis, except for water electrolysis, these methods 

generate CO2 or other by-products creating „greenhouse effect‟. When hydrogen burns as fuel 

or oxidizes, it gives water vapour with heat. Therefore, it could be used as no pollution fuel 

[100]. “When sufficient amount of electrical energy passed into the aqueous electrolyte 

solution by applying potential on the electrodes, the protons which are present in the 

electrolyte absorbed on the surface of the electro catalyst and these protons gets reduce on the 

surface to evolve hydrogen gas.” Decomposition of H2O into H2 and O2 through the supply of 

energy like (electricity, photon and heat) is known as water splitting reaction. This is a 

thermodynamically uphill reaction; therefore, it requires some energy to conduct the reaction. 

This is a multi-electron transfer process involving slow reaction kinetics. When enough 

energy exists, water splits, converting into gaseous oxygen and hydrogen. It can be carried 
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out using a variety of mechanisms that can be divided in 5 main types (types as demonstrated 

in Fig. 1.4) depending on the energy source used to start the chemical reaction: electrolytic, 

photobiological, thermochemical, photoelectrochemical, and photocatalytic water splitting. 

Any of these approaches or a combination of two methods may be used to carry it out [101]. 

The photobiological water splitting method has several disadvantages, including a high 

system cost, a large size system (to contain an eco-system), poor production efficiency and a 

significant volume of recycled or reused water as a byproduct [102]. We can assume that H2O 

splitting consists of two separate processes, the first of which involves oxidising water to 

produce oxygen and the second of which involves reducing protons (H
+
) to hydrogen [103]. 

The hardest portion of this reaction is the water oxidation phase because, as seen during 

natural and artificial photosynthesis, oxygen evolves more than four times more slowly than 

hydrogen. 

 

 

 

 

Fig. 1.4 Different types of water splitting process to produce H2 and O2 [104] 

1.2.1. Types of water splitting reaction 

Based on energy source methods, it could be explored into the following categories such as 

electrocatalytic/electrolysis of water, thermolysis/thermochemical water splitting 

photobiological, Radiolysis, Photoelectrocatalytic/photo-electrochemical and photocatalytic 

water splitting as shown in Fig. 1.4. 

1.2.2. Electrocatalytic water splitting reactions 
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1.2.2.1. Electro-catalytic HERs/OERs in different electrolyte medium 

Splitting of water is a redox process which is composed of two half-cell reactions, one is 

acknowledged as water oxidation for oxygen evolution reaction (OER) and another is called 

reduction of water for hydrogen evolution reaction (HER) [105]. Water splitting reactions 

(WSR) are thermodynamically unfavorable, so catalyst plays a crucial role in making 

reactions feasible under various electrolytic mediums. The mechanism of WSR is different in 

different mediums. Firstly, the decomposition of water molecule takes place before other 

following consecutive reactions. 

The WSR are majorly depended upon the reactions taking place in the vicinity of the 

electrode and by the concentration of charged species (H
+
, OH

-
) generated from water. 

Moreover, the formation of these ionic species is proportional to the applied potential on the 

electrodes. The WSR reactions involve two different kinds of redox reactions, different 

voltammetry curves obtained for these reactions. The first one which occurred at anode is 

called OER and the one at cathode is known as HER. Oxygen evolution reaction (OER): In 

recent times, a lot of research attempts have been attributed to prove the mechanism of OER, 

but still the knowledge at the atomic level is scarce because of complications in isolating the 

reaction intermediates formed during the electrochemical processes [106, 107]. Bockris et al. 

for the very first time elaborated the different pathways of OER. In general, OER involved of 

numerous electron transfer reactions which are consequently followed by each other [108]. 

HER reactions take place at the cathode and are more favorable under acidic conditions due 

to easy availability of protons. The energy associated with adsorption of hydrogen on a 

catalyst surface is directly responsible for its reactivity. A moderate value of hydrogen 

adsorption energy is accountable for excellent HER activity which accelerates the Volmer 

process and consequently the Heyrovsky and Tafel processes. The Volmer process is the 

proton adsorption, Tafel step is the physical desorption, and Heyrovsky process is the 
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chemical desorption. The role of the adsorbed intermediate in the Volmer-Heyrovsky-Tafel 

mechanism for the hydrogen evolution reaction (HER) on metallic electrodes has been 

extensively analyzed [109, 110]. Numerous nanoparticles based on transition metals can 

produce high potential energy from water at lower prices and with zero carbon emissions 

such as metal oxides, spinels, perovskites, metal sulphides, selenides, metal phosphides and 

metal nitride. 

1.2.3. Photoelectrochemical (PEC) water splitting 

A novel method to address energy problems is to use solar energy to produce chemical fuels 

from carbon dioxide and water, such as hydrogen (H2) and methanol (CH3OH), respectively. 

TiO2 was initially used as a photo anode in photo electrochemical water oxidation due to its 

characteristics as an n-type semiconductor [111]. Researchers have tried multiple times over 

many decades to assess Earth's enormous collection of reliable photo electrode samples. In a 

perfect PEC water splitting cell, the p-type semiconductor photocathode splits the water 

while the n-type semiconductor photo anode oxidises it. The ecologically friendly synthesis 

of H2 and O2 by water splitting by photo- and electrochemistry is anxiously anticipated by 

many people. The OER is one out of the two half-reactions needed to split water, which calls 

for challenging electron and ion mobility [112]. Photoelectrochemical mechanisms are 

depicted Fig. 1.5. 
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Fig. 1.5 Mechanism of Photo Electrochemical water splitting process 

1.2.4. Photocatalytic water splitting 

Given the importance of renewable, clean, and environmentally friendly energy, 

photocatalytic water splitting, which employs solar energy, is a common technique. Figure 

1.6 is a schematic representation of a possible hydrogen production and utilisation facility, 

where photocatalysis drives the decomposition of water to produce H2 as a platform for clean 

fuel generation. A solar water splitting module is used to split water into hydrogen and 

oxygen, which are then utilized in systems for producing high-efficiency electricity such fuel 

cells and internal combustion engines to produce electricity. Power is generated using both 

water and sunlight. Methanol and precursors for the plastics and fertilizer industries can be 

produced by combining H2 with CO2 (emitted from combustion of fossil fuels or collected 

from the air). Generally, semiconductor photocatalysts are solid powder samples, which are 
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(i) visible and/or UV light absorbers, (ii) chemically inert and photostable, (iii) inexpensive 

and (iv) non-toxic [113]. A catalyst responds to EM illumination by harvesting solar energy 

in the form of chemical energy, which is what photocatalysis is characterized as. Nearly 9600 

times more solar energy than the entire world uses is provided to the surface of the globe.  

 

 

Fig. 1.6 Schematic representation of potential sustainable hydrogen fuel plant based on 

photocatalytic water splitting [114] 

Here, the multidisciplinary field of photocatalytic water-splitting research necessitates expert 

understanding of chemical engineering, physics, nanotechnology, chemistry, nanoscience and 

materials science. It should be noted that a crucial element in photocatalysis is an electronic 

structure with a lower occupied energy level (valence band; VB) and a higher unoccupied 

energy level (conduction band; CB), which is used when semiconductors are used as 
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catalysts. As a result of the difference between these two levels, a particular amount of 

optical band gap (Eg) is introduced. 1.23 eV is thought to be the semiconductor's optimal 

band gap value. However, a wider approximation is taken into account between 1.5 and 2.5 

eV for the same purpose due to some specific energy losses [115]. H
+
 reduction and 4e

-
 H2O 

oxidation are the two fundamental processes involved in the direct splitting of H2O(l) into 

H2(g) and O2(g). Photocatalytic water splitting is classified into 3 different categories 

(Schematically shown in Fig. 1.7), (i) POWS, (ii) PIWS, and (iii) PPWS [116]. 

(i) Photocatalytic overall water splitting (POWS): In this technique, two molecules of 

H2O split into two molecules of hydrogen and one molecule of oxygen according 

to (shown in Fig. 1.7) stoichiometry, which requires four electrons. An efficiency 

of ~5-10% can be achieved in this process to commercialize hydrogen as an 

economically viable fuel. 

(ii) Photocatalytic intermediate water splitting (PIWS): In this process, two molecules 

of H2O are converted into one molecule of hydrogen peroxide (H2O2) and 

hydrogen (shown in Fig. 1.7), which is the two-electron process. The advantage of 

this is that no purification and separation of hydrogen is required. However, 

controlling reaction kinetics at the surface of the photocatalyst is tricky (especially 

preventing H2O2 from decomposing into water and oxygen). 

(iii) Photocatalytic partial water splitting (PPWS): In this method, a molecule of water, 

with the help of a sacrificial electron donor, produces hydrogen along with other 

by-products formed through oxidation (shown in Fig. 1.7). This method is also a 

two electron process, and the holes in the VB are rapidly captured by the 

sacrificial electron donor, which helps produce hydrogen. In addition, this process 

can separate charge carriers with a high efficiency of ~100%. In this technique, 
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waste organic pollutants such as glycerol (biodiesel by-product) can be used as a 

sacrificial electron donor, which also helps in environmental remediation. 

 

Fig. 1.7 Different types of photocatalytic water splitting methods for H2 evolution 

Further, a detailed discussion of a photochemical reaction (PCR) mechanism is depicted 

above. A photocatalytic surface absorbs photons when exposed to energy above or equivalent 

to its band gap, which eventually outcomes in the creation of an electron-hole (e
-
/h

+
) pair. A 
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vacancy, or hole (h
+
), or photogenerated electron (e

-
), is created in the VB when the 

photogenerated electron (e
-
) is accommodated in CB. The produced e

-
- h

+
 pairs, also known 

as charge carriers, migrate to the photocatalyst's surface and are compelled to interact with 

the H2O molecules there. By transferring electrons and holes at different reaction sites, the 

charge carriers engage in reduction and oxidation reactions, causing the generation of 

gaseous H2 and O2. The oxidation potential required to convert H2O to O2 must be 

positive than the bottom of the VB, and the reduction potential required to convert H
+
 to H2 

must be negative than the bottom of the CB [117]. In addition to these photochemical 

processes, the photogenerated charge carriers also take part in recombination, radiation-

nonradiative transitions [118], and trapping at defect locations. For a photochemical system 

to be optimised for effective H2 evolution, all of these physical processes must be taken into 

account. In Fig. 1.8, the entire photochemical process is depicted. Photocatalytic water 

splitting may make use of either a one-step or two-step excitation method, and both are 

described here. 

 

 

Fig. 1.8 Illustration of the water splitting reaction that leads to the evolution of H2/O2 

gas and photoexcitation of the catalyst. 
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              Photon + catalyst    catalyst + h
+ 

+ e
- 
+ H2O   catalyst + H2 + O2                       (1.1) 

One-step mechanism: 

                                                 At VBE, 2O
2-

    O2 + 4e
-                                                                              

(1.2) 

                                                 At CBE, 2H
+
 + 2e

-   H2                                                                       (1.3) 

Two-step mechanism: 

               At VBE, Donor + h
+   

Accepter                    2H2O + 4h
+   O2 + 4H

+                         
(1.4) 

               At CBE, 2H
+
 + 2e

-   H2                                 Accepter + e
-   Donor                   (1.5) 

1.2.4.1.Photocatalytic water splitting reactions 

Sustainable energy production from water is a critical issue and has become a great challenge 

for clean-energy technologies. Therefore, the generation of H2 fuel from the H2O with help of 

various energy sources is getting enormous attention. Photocatalytic water splitting is an 

effective alternative for the promising H2 production, also known as artificial photosynthesis. 

Lewis and Nocera, in their research article „Powering the planet‟, revealed that solar light 

falling on earth surface has an illumination power of 103 W/m
2
 which can be used as an 

optional energy source as compared to the fossil fuels [119, 120]. But the concept of water 

splitting by use of the energy of photons was become real by the efforts of Fujishima and 

Honda. They split water into hydrogen and oxygen using semiconductor photocatalyst to 

absorb solar energy. After that, a number of semiconductor nanoparticles have been 

discovered as an excellent photocatalyst. Their activity can be improved by tailoring their 

size and shape. Among the various semiconductor nanoparticles oxides, sulphides and 

nitrides are quite popular. Further the optical activity of semiconductor nanoparticles can be 

improved by doping of Au, Pt, Pd etc., as these metals work as a co-catalyst during the 

photocatalysis process. These features are responsible for substantial increment in hydrogen 

generation from water and work as ideal photocatalyst under visible light region [121]. 

Various semiconductor photocatalysts for photocatalytic water splitting reaction. In general, a 
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photocatalyst absorbs photons of appropriate energy and transfer this energy to the H free 

radical of water in the form of photoelectrons, these radicals are reduced on the surface of the 

photocatalyst and hydrogen evolution takes place. 

Because water is transparent to the visible spectrum, a photosensitizer capable of absorbing 

solar radiation must be dissolved in solution before using solar irradiation directly for 

photocatalytic water splitting [122]. To work as an efficient photocatalyst, the semiconductor 

nanoparticles must have their band position in the range of energy required for water splitting 

reaction. In photocatalysis process, when a catalyst absorbs photons, electrons jump from the 

VB to the CB of the catalyst producing holes in VB. Both the electrons and holes travel to the 

surface reaction sites where holes are scavenged by sacrificial agents and using the electrons 

for water to generate H2. The efficiency of catalyst is directly proportional to its light 

harvesting property and efficient electron-hole separation [123]. 

As shown in Fig. 1.9, there are multiple processes involved in the whole photochemical H2 

production through the water splitting reaction, commencing with photon absorption and 

ending with the formation of an H2 molecule. It depicts a stepwise reaction pathway where 

different factors influence each stage and the efficiency of each phase affects the overall 

process as a whole. 

 

Fig. 1.9 A step-by-step breakdown of the photocatalytic water splitting process's 
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contributing elements with a time-scaled profile of several chemical reaction steps. 

1.2.4.1.1. Photocatalyst requirement for photocatalytic water splitting  

The sun's potential to deliver a clean, renewable, and limitless supply of energy has piqued 

the imagination of many [124]. Because just sunlight and a catalyst are needed to solve these 

problems, photocatalytic technology has attracted attention around the world [125]. 

Environmental remediation (pollutants degradation) encompasses air purification and waste 

water treatments [126], whereas energy conversion (nitrogen fixation, carbon dioxide 

reduction and hydrogen evolution) is characteristic of photocatalysts. As a result, the creation 

of a workable photocatalyst has become a popular topic of international study in an effort to 

alleviate the world's pressing energy and ecological problems. 

1.3. Photocatalysis 

In photocatalysis process, the photocatalysts must absorb light and then transmit the light 

energy to the reacting molecules for participating in the redox reactions [127]. To provide a 

strong enough platforms from photon absorption to desorption of the H2 gas produced as a 

result of the photochemical reaction, a solid substrate (i.e., photocatalyst) is needed, as was 

discussed above. Photocatalysis is the term used for the process in which rate of reaction is 

enhanced by the addition of a substance (photocatalyst) in the presence of light (UV or 

visible) without any chemical change in the photocatalyst after the reaction and the reactants 

get transformed to the desired products in the procedure. Light plays the crucial role in the 

photocatalysis process contrary to typical catalysis processes; the chemical reactions which 

are thermodynamically unfavorable can be carried out by utilizing the energy available from 

photons of light [128]. In homogeneous photocatalysis, the reactants and photocatalyst are in 

the same phase, but in heterogeneous photocatalysis, the reactants and photocatalyst are in 

the different phase [129]. In heterogeneous photocatalysis, the photocatalyst is in particulate 

form while the reactants can be in gaseous or liquid form, and all the reactions take place at 
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the photocatalyst interface. Mostly, semiconductors compounds are used as photocatalysts in 

heterogeneous photocatalysis due to their unique bandgap energies. The term "photocatalyst" 

refers to a solid substrate employed in a heterogeneous photocatalytic process, which often 

kick starts the photochemical reaction by delivering charge carriers [130]. While there has 

been significant progress in photocatalytic technology, no photocatalytic system that meets 

all the requirements for widespread use has yet been designed. New photocatalytic materials 

are being designed and produced with a lot of effort in order to improve photocatalytic 

performance, particularly in the spectrum of visible light. For a photocatalytic system to be 

useful, it must satisfy the following conditions: (a) Surface redox reactions should occur 

uniformly as a result of the contribution of charges; (b) the catalyst must have a narrow 

enough photonic band gap to absorb the entire solar spectrum; (c) excessive separation 

followed by a quick transfer of photoinduced charge carriers (e
-
 and h

+
) to the surface of the 

photocatalyst is necessary to reduce the rate at which redox reactions occur and prevent back 

reactions. That's why it's so important for scientists to zero down on a photocatalyst that can 

effectively separate and transfer charges. Attempts to increase photocatalytic efficiency by 

altering the morphologies and structural properties of photocatalysts have led to the 

development of an unbalanced outlet having poor photocatalytic performance, as shown in a 

number of studies. Strategically designing many active sites and alterations to electronic 

properties are necessary to accelerate the pace of kinetically viable surface redox reactions 

and enhance the catalyst's performance and stability [131]. As a rapidly developing area of 

interest in disciplines as diverse as chemistry, materials science, physics, nanoscience, and 

engineering, photocatalysis has recently been the subject of extensive research. Finding a 

candidate whose performance may get improved to meet industry requirements, scientists 

from a wide range of fields have been working hard to improve photocatalyst efficiency. 

According to a search of Web of Science for the term "photocatalyst," around 8850 scholarly 
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articles focused on photocatalysis and its many applications were published in 2021. Some 

very good evaluations of methods used to create novel photocatalysts for a variety of 

photocatalytic purposes have been published, but no contemporary, all-encompassing review 

has been found. 

1.3.1. Applications of Photocatalyst 

Photocatalytic hydrogen evolution, carbon dioxide reduction, Nitrogen fixation, and pollutant 

degradation [132] are a few of the various applications for photocatalysts shown in fig. 1.10. 

 

Fig. 1.10 shows the different applications of photocatalyst.  

1.3.1.1.Photocatalytic N2 fixation 

In order to convert N2 into an eco-friendly product, such as NH3, photocatalytic fixation of 

nitrogen is an effective method. The substance is generated out of N2 and H2O under mild 

environmental circumstances with the help of pollution-free and long-lasting sunlight [133]. 

Except for the final phase, wherein electrons and holes take part in the redox reactions of 

fixation of N2 controlled by electrons and H
+
, the steps involved in photocatalytic N2 fixation 

are the same as those involved in CO2 reduction. The Haber-Bosch process is a common 

method for obtaining nitrogen fixation; it can efficiently transform nitrogen into ammonia, 
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energy-intensive reaction conditions are required, including high pressure (15-25 MPa) and 

temperature (673-873 K) over long duration of time, which necessitates a lot of effort [134]. 

The conventional approach has the additional issue of contributing to global warming through 

the discharge of carbon dioxide (less than 1%) throughout the nitrogen fixation process. 

Accordingly, it is essential to replace the current, time-consuming, and polluting method of 

converting N2 with a sustainable, low-energy one that produces no secondary pollutants. 

Since just sunlight is needed to derive the reaction, photocatalysis is now recognised as 

exciting technology that could serve as a suitable replacement. To be an effective 

photocatalyst for N2 fixation, a material needs to meet certain criteria [135]. Large surface 

area, high N2 adsorption ability, and insufficient photoinduced charge carrier recombination 

rate are a few of these. Hu et al. developed a method to create a heterojunction system where 

charges are effectively separated in space through the integration of rGO and protonated g-

C3N4 via an electrostatic self-assembly process [136]. In the presence of visible light, the 

photocatalytic activity presented by the composite as-prepared for N2 fixation was assessed. 

The relevance of the interaction among the two components that comprise the enhanced 

surface contact area was supported by FTIR and PL experiments that clarified paths for quick 

charge transit and prevented charge carrier recombination. It was discovered that the ideal 

PCN/rGO composite fixed N2 to NH4
+
 8.3 times more efficiently than the pure g-C3N4 

composite. 

1.3.1.2. Photocatalytic pollutants degradation 

Constant discharges of harmful effluents from a wide range of expanding industries into 

water bodies are damaging aquatic life and posing a threat to human health. Thus, it is of 

critical importance to create a technology to lessen pollution and protect people's health 

[137]. Photocatalytic elimination of pollutants without producing secondary pollutants is one 

technology that has garnered a lot of interest. Regarding the photocatalytic elimination of 
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environmental contaminants, the main goal of research and development has been to create 

an effective photocatalyst with broad optical absorption, a greatly reduced rate of recombine 

for photoinduced charge carriers, and robust redox potentials. Numerous cutting-edge 

methods have recently been implemented for photocatalytic elimination of various pollutants. 

To test the photocatalytic efficiency of a system for degrading NO pollutants, Hu's team, for 

instance, built a Z-scheme heterojunction of 2D/2D BP/monolayer Bi2WO6 hybrid system 

[138]. To make the BP/monolayer Bi2WO6 composite, they ultrasonically mixed Bi2WO6 

generated hydrothermally with BP nanosheets obtained by exfoliating bulk BP. SEM and 

TEM examinations verified the incorporation of BP and Bi2WO6 nanosheets into a 

functioning 2D/2D heterojunction. The results of photocatalytic NO degradation showed that 

BP/MBWO composites performed better than individual component photocatalysts. Under 

the same testing settings, the optimum candidate showed an optimal NO degrading rate of 

67% after 30 min, while pure MBWO only managed a rate of 26%. Photocatalysts' crystal 

lattices may accommodate surface oxygen vacancies and bulk defects; nevertheless, these 

two types of defects have opposite effects on photocatalytic activity. Perovskite materials like 

CaCu3Ti4O12 are good in photo catalytically degrading TC [139]. 

1.3.1.3. Photocatalytic CO2 reduction 

The main cause of global warming is the emissions of carbon dioxide (CO2) in the 

atmosphere, which is steadily rising because of the excessive burning of fossil fuels. Until 

40% of total CO2 emissions come from the cement, chemical, transportation, and steel 

industries; therefore, low-carbon cost chemicals and fuels that result in CO2 reduction and the 

utilization of clean energy would play an essential part in decarbonizing practical applications 

in these sectors [140]. Humanity's greatest concern is ensuring the safety of future 

generations in the face of an eventual lack of renewable energy brought on by our increasing 

reliance on fossil fuels and our efforts to reduce atmospheric concentrations of CO2. The use 
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of photocatalysis to transform CO2 into a fuel product is a sustainable way to meet the energy 

need of world. Subsequently the beginning of the industrial age, the world's attention has 

been focused on energy shortages and the burning of primary sources of energy contributes to 

global warming, which releases substantial CO2. The use of CO2 has drawn a lot of interest as 

a potential remedy for the problems of global warming and energy constraint [141]. One 

possible approach to addressing this predicament is to turn CO2 into high-value end products. 

However, a linear CO2 molecule has a C=O bond enthalpy is 750 kJ/mol, therefore a lot of 

energy is needed to break it. For instance, conventional gas-solid thermal catalysis typically 

necessitates severe conditions, large energy costs, and uncontrolled product selectivity [142] 

in order to accomplish effective CO2 conversion. Mild electrocatalysis techniques, on the 

other hand, require expensive membrane modules to partition the reactor into two halves, 

making industrialization difficult. In addition, the primary means by which both of these 

energies are obtained is still the ignition of fossil fuels, which results release of CO2 as a by-

product [143]. Alternatively, photocatalytic technology can use the abundant and cost-free 

solar energy to achieve CO2 reduction. Its rapid regenerativeness and ecological friendliness 

make it a popular topic of conversation [144]. However, current response efficiency remains 

significantly lower than what is needed for industrial manufacturing. This is mainly because 

the catalysts often utilized in traditional photocatalysis have a relatively wide prohibited 

bandwidth, limiting the improper use of the solar radiation. Indeed, there is a great need for 

extensive research into various forms of efficient photocatalysts in this area. The following 

five sequential processes [145] make up the majority of the CO2 photocatalytic reduction: 

because (1) uses the sun's rays to create a pair of electrons and holes. In order to distinguish 

photogenerated electrons from photogenerated holes, energy levels must exceed or be 

equivalent to bandgap levels. As a result, an equal number of holes in the valence band (VB) 

are also left behind as the excited electron moves from the VB to the CB. As a result, 
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photogenerated electrons and holes may be separated. (2) Photocarriers are produced, scatter, 

and go to the surface where they participate in oxidation and reduction processes. In order to 

boost photocatalytic performance, it may be required to improve the efficiency with which 

photocarriers are separated and their recombination is suppressed [146]. (3) Adsorption of 

carbon dioxide (CO2). This is necessary for the photocatalyst to transmit an electron to the 

carbon dioxide molecule. The CO2 adsorption and activation process might be accelerated by 

changing the surface alkali and increasing the specific surface area; (4) to occur the CO2 

reduction reaction, an oxidation-reduction reaction requires a photocatalyst with a wide 

enough bandgap [147]. Conduction band potential is lower than valence band potential, and 

vice versa. The surface electron acceptor potential is smaller than the valence band potential. 

The effectiveness of the catalyst was crucial throughout the procedure. Improvements in light 

conversion efficiency and the ability to absorb a wider spectrum of light have been made in 

recent decades. However, the efficiency of photocatalytic CO2 reduction is still quite low. 

The reserves and price of the catalyst will also restrict how widely it may be used. Therefore, 

the key to fixing the aforementioned issues is discovering a catalyst having abundant 

reserves, low price, and great catalytic performance. In response to these two issues, 

numerous photo-catalytic technologies have evolved; among these, photo-catalytic CO2 

reduction technique has garnered great attention due to its potential applicability in 

addressing those problems [148]. The photo-catalyst, when exposed to constant sun radiation, 

may transform CO2 into valued organics such CO, CH4, CH3OH, HCOOH, and HCHO. 

These products, if purified, can be utilised as basic components and fuels to address the 

world's pressing energy needs. The steps that follow are the foundation of the photo-catalytic 

reaction. Surface reactions include hole-catalysed oxidation of H2O and electron-catalyzed 

reduction of CO2 [149]. The production of electricity and the use of fossil fuels in 

manufacturing are the two most significant human activities. CO2 emissions are another 
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major problem caused by deforestation [150]. Therefore, one of the most appealing solutions 

to combat climate change and the energy issue is the transformation of CO2 into fuels like 

formic acid, methanol, and methane. CuO-ZnO, TiO2-ZrO2, ZrO2, TiO2, and a carbon-based 

photocatalytic NC system are a few examples of photocatalytic materials and nanocomposites 

(NCs) that have been investigated for their effectiveness in the photocatalytic transformation 

of CO2 into fuels [151]. To be able to assess the photocatalytic effectiveness of SrTiO3 for 

CO2 conversion, for instance, Humayun et al. [152] constructed co-catalyst-free iron and 

boron co-doped SrTiO3 photocatalyst. It was determined by XRD and DRS those B ions were 

substituted for Ti
+4

 ions. When Fe ions replaced O
2-

 ions in the SrTiO3 crystal lattice, new 

energy states were created at the VB but below the CB, prompting a significant red shift in 

the optical absorption. The best composite outperformed the best individual photocatalyst by 

a factor of five, with CO and methane yields of 21            and 17           , 

respectively. 

1.3.1.4. Photocatalytic H2 evolution 

Because of the zero pollution and excellent energy aptitude qualities, a focus of 

photocatalytic technology has been the water splitting method for photocatalytic hydrogen 

generation. Meanwhile, sunshine is acknowledged as a abundant, unlimited, sustainable, and 

renewable energy source that might meet the energy need of world in its whole. The efficacy 

of water splitting remains too low despite significant progress in H2 through water splitting. 

Researchers have tried using sacrificial agents to boost the rate of hydrogen evolution, but the 

high cost of the sacrificial agents means that this route is not yet widely accepted. There must 

be more effort put towards creating cutting-edge photocatalytic candidates. In this section, we 

will review the most up-to-date efforts to enhance the efficiency of photocatalytic H2 

evolution [153]. 
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1.4. Photocatalyst selection criteria 

Light is captured to create electrons and holes, charge carriers are dissociated and migrate 

from the bulk to the catalyst„s surface, and interfacial charges contribute to reduction and 

oxidation reactions at the surface's reactive sites, making up the three main steps of the 

photocatalytic process [154]. 

By examining the light-harvesting extent (The extent of light harvested depends on the 

surface area of photocatalyst/materials. Capturing the amount of sunlight depends on the 

photocatalyst surface area if the solar harvesting surface area is enlarge it allows for capturing 

a greater amount of sunlight which increasing the overall energy generation.), it is feasible to 

calculate how much solar light is being utilised. To take part in the interface 

oxidation/reduction reactions, charge carriers must first travel to the surface of the catalyst 

from the bulk, where some are dissipates as a result of recombination and heat generation 

[155]. Thus, their recombination rate significantly affects the ability of excited charges to 

dissociate and diffuse. The exceptionally high effectiveness of fuel generation requires a 

photocatalyst that satisfies the following conditions. (i) A lower potential is required for the 

CB edge of the photocatalyst than the potential for the evolution of hydrogen (H2), which is 0 

eV; (ii) The potential of the VB edge of the photocatalyst must remain positive in comparison 

to the 1.23 eV potential for the formation of oxygen (O2). Therefore, the minimum band gap 

value required of a photocatalyst to show its photocatalytic effect is 1.23 eV. In order for a 

photocatalytic process to be successful, to produce a large enough flux of charges, the 

photocatalyst must be able to absorb light over a variety of wavelengths [156]. The maximum 

amount of light that may be absorbed is significantly determined by the photocatalyst in band 

gap (Eg = hc/). As a result, while possessing adequate band edge potentials, photocatalytic 

materials with large band gap energies are not suitable for effective light absorption and 

cannot provide useful photocatalytic results. Furthermore, the photocatalytic efficacy of a 
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material is tightly regulated by the effective segregation and transport of photogenerated e
-
 

and h
+
 within the photocatalyst. Fast charge carrier transfers help the photocatalytic process, 

which decreases recombination of charges. It is important that the photocatalytic material 

chosen for the procedure is both economically viable and photochemically viable during the 

reaction [157]. 

1.4.1. Photocatalytic water-splitting material 

A semiconductor must fulfil a number of requirements in order to be considered an excellent 

substance for photocatalytic water splitting. First, it requires having narrow bandgap energy 

[159] so that visible light may be used. All that is required for this is a photocatalyst with 

bandgap energy of around 2.1 eV, or a wavelength of about 600 nm. Second, the 

photocatalyst's band locations must cross the redox potential of H2O [159]. The water 

reduction potential and oxidation potential must be less than or equal to the photocatalyst's 

lowest and highest conduction and valence bands, respectively, enabling a single 

photocatalyst system to function. The electrical and crystal structures of a material are the 

primary factors in determining the energy and location of the bandgap. In order to select an 

efficient photocatalyst, it is necessary to have a firm grasp on the fundamentals and a 

thorough characterization of specific photocatalysts. The next need for a successful 

photocatalytic reaction is that the photocatalyst be highly stable both in the presence and 

absence of light [160]. Due to their instability, many promising photo-active materials can't 

be used in photocatalytic water splitting, making this criterion extremely important. 

Hydrogen evolution activity is high in some candidates for narrow bandgap energy 

photocatalysts, including CdS and CdSe. The bottom of CB position of CdX based-

photocatalysts is more negative than the water reduction potential, while the top of VB 

should be lower (more positive) than the water oxidation potential [161]. Oxygen evolution is 

greatly aided by WO3, but its Conduction band location is additional favourable as the 
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reduction potential of water [162].  As a result, there is a smaller pool of viable photocatalyst 

options for a single photocatalyst system compared to a PEC setup. The fourth criterion is 

that the semiconductor catalyses the reduction or oxidation of water strongly. In the end, the 

semiconductor has to be cost-effective. In order for the powdered photocatalyst system to be 

scalable, the photocatalyst itself needs to be made from low-cost, plentiful ingredients and to 

be synthesised in huge quantities. 

High-efficiency photocatalytic water splitting has reportedly been achieved with a wide range 

of materials. La doped-NaTaO3 photocatalyst has a potential quantum efficiency of 56 % at 

270 nm [163]. Electronic structures with a single d orbital filled (d10, s2d10) or a single d 

orbital empty (d0, d0f0) are typical of efficient photocatalysts. The highest oxidation states of 

the metals Ti, Sb, V, Zn, Nb, Zr, W, Ga, In, Bi, Ge, and Ta, all have such electron 

configurations [164]. The metal oxides formed by these photocatalysts often have conduction 

bands that appear more negative than 0 eV and valence bands that are around 3.0 eV vs. NHE 

because of the presence of O 2p orbitals. This means that these materials can only be 

activated by exposure to UV light. These materials' photocatalytic activity is greatly 

influenced by their electrical and crystal structures. Although Sr2Nb2O7 and Sr2Ta2O7 

photocatalysts share a similar crystal structure, the former is thought to exhibit more 

photocatalytic activity due to the higher location of its conduction band [165]. Both 

photocatalysts have a distorted framework within a layered perovskite structure. NaTaO3 is 

the most active of the ATaO3 (a: Li, Na, and K) photocatalysts, but the activity of the others 

has been demonstrated to be affected by framework distortion [166]. NiO/NaTaO3 strong 

activity can be attributed to the combination of a sufficiently distorted TaO6 connection 

network and the Ta 5d in the conduction band [167]. 

Maintaining the locations of CB and VB with respect to the oxidation and reduction 

potentials of water can be difficult with a photocatalyst that has low bandgap energy. Several 
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solutions have been proposed to meet this difficulty. There are essentially four classes into 

which the various attempts might be placed [168, 169]. 

1. Oxides sensitive to ultraviolet light that have been doped with metals in the d1-d9 d orbital 

to achieve significant doping.  

2.  S, Se, N, P, and C are examples of non-metallic hetero-elements that can be doped.  

3. Synthesis of d0 or d10 and d10 2s electrical configuration double metal oxides. 

4. Metal d0 or d10 oxynitride and oxysulfide synthesis.  

As previously stated, the valence band of UV-responsive photocatalysts is made up of O 2p 

orbitals, whereas the conduction band is made up of empty orbital (LUMO) states of metal 

cations (M
+n

) in the d
0
 and d

10
 configurations. Because the conduction band cannot be 

reduced, the bandgap energy must be decreased by adding a second valence band or by using 

an electron donor with an orbital other than O 2p. However, during this bandgap energy 

reduction, it is important to take into account the thermodynamic and kinetic properties of the 

newly forming level that experiences water oxidation. 

The development of (oxy) nitrides and (oxy) sulphides demonstrates the effective synthesis of 

a visible-responsive photocatalyst. These photocatalysts are made by either partially or 

completely exchanging oxygen for nitrogen or sulphur. The bandgap is shrunk as N 2p and S 

3p orbitals are substituted for O 2p ones, due to their higher energy levels [170]. In contrast 

to doped-oxide photocatalysts, the valence bands of these materials are not dependent on the 

concentration of dopants but rather on their concrete electronic structure. Photogenerated 

holes are more easily transferred to the photocatalyst's valence band thanks to this feature. 

Absorption behaviour of several (oxy) nitrides with d0 electronic configuration transition-

metal cations of  theses Ta
5+

, Nb
5+

, and Ti
4+

 [171]. Simultaneous nitridation of the 
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appropriate metal oxides in the presence of NH3 at high temperature is a common method for 

synthesising these photocatalysts. These photocatalysts have a bandgap energy of about 1.7-

2.5 eV, having an absorption edge at 500-700 nm. The DFT prediction that these 

photocatalysts have ideal band positions for water splitting is supported by activity in a 

photocatalytic process when sufficient sacrificial reagents are present. As a result, when 

exposed to visible light, they appear to be a potential candidate for worldwide water splitting. 

1.4.2. Few dynamic photocatalysts which are explored for hydrogen generation are: 

1.4.2.1.Oxides 

Transition metal oxides with unfilled or fully filled d orbital like oxides of Ti
4+

, Zr
4+

, Nb
5+

, 

W
6+

, Ga
3+

, In
3+

 are highly efficient photocatalysts. However, these are active in near 

ultraviolet region; therefore their solar to hydrogen efficiency is low. Furthermore, Fe2O3, 

WO3, BiVO4, NiO, CoO, ZnO have also been reported as promising photocatalysts under 

visible region [172]. 

1.4.2.2.Metal sulphides 

Transition metal sulphides are also well studied as semiconductor photocatalyst for water 

splitting reactions. For significant photocatalysis semiconductor materials should have 20-

30% ionic character and only metal sulfides lies in this range. Moreover, metal sulfide has 

fewer tendencies to form metal hydride bonds during WSR reactions therefore rate of HER is 

high for the sulfide. These can be single metal sulphides like CdS, Bisulphide, and MoS2, 

bimetallic sulphides as CdGaS, ZnGaS, CuInS2 and ZnInS. Further multi-metal sulphides 

also result remarkable photocatalytic activity e.g. Cu2ZnSnS2, ZnCoS4, CuGa1-xZn2xS4 etc. 

[173]. 

1.4.2.3. Nitrides 

Among these conjugated metal free carbon-based nitrides (C3N4) are very well recognised as 
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promising photocatalyst for water splitting reactions. It exists in different allotropes (alpha, 

beta, graphitic and quasi cubic) from which graphitic C3N4 is more active as it has graphite 

like sheet nature and high surface area. The discovery of H2 evolution from H2O under visible 

light using graphitic C3N4 was made by Wang and colleagues. Further to remove limitations 

like lower charge ion movement and less light harvesting nature, it can be modified with iron 

or gold [174]. 

1.4.2.4.Metal Nitride 

Metal nitrides (MNs) are relatively new in the chemical world, but their unusual features 

have attracted a lot of interest. Importantly, "N3" forms unusual bonds with metals, enabling 

the formation of metal nitrides with surprising novel characteristics that resemble even 

platinum and gold, favouring the delivery of remarkable new compounds [175]. Despite their 

obvious appeal, however, the entire potential of these materials has not been investigated in 

many published papers. TiN, TaN, and ZrN are examples of MNs that are optically 

transparent because they are naturally metallic; some MNs are superconductors because they 

have small band gaps; and the others act as semiconductors because they have a wide 

bandgap, like GaN. Therefore, they are trustworthy substitutes for Au and Ag [176]. Melting 

points of MNs are high, their metallic strength is unparalleled, they are extremely stable, and 

their bandgap is similar to that of platinum-class elements. Because of their prospective uses 

as electrochemical and optical sensors and as effective adsorbents from effluents [177], the 

development of innovative MN materials has garnered fresh interest. Metal oxides and 

hydroxides are mitigated by their essential features. MNs have the potential to be useful 

photocatalysts because they are electrically conductive and feature band structures that are 

analogous to those of noble metals. When it comes to redox processes, the bandgap of MN 

nanoparticles is ideal. In addition, in the case of hybrid MNs desorption of adsorbed material 

and interface engineering can be accelerated by optimising their doping strategies and 
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modifying their d-bands, respectively [178]. 

1.4.2.4.1. Recent research on metal nitrides and their potential uses 

Because of their unique physical properties, outstanding electronic composition, numerous 

oxidation states, and cost efficiency [179], MNs have become popular with growing attention 

in photocatalysis, electrochemistry and storage of energy related fields like supercapacitors, 

batteries (SC), detectors, active electrodes, electrocatalysts, photocatalysts [180]. Important 

reactions for creating hydrogen as cleaner fuel are the hydrogen evolution reaction (HER) 

and the oxygen evolution reaction (OER) that occur during electrochemical water splitting 

reactions [181]. MNs are useful in many chemical reactions, like oxygen evolution reactions, 

hydrogen evolution reactions, urea oxidation reactions, ammonia oxidation reactions, oxygen 

reduction reactions, including ammonia borane the dehydrogenation. 

In recent years, researchers have focused on tantalum oxynitride (TaON) and tantalum nitride 

(Ta3N5) as potential photocatalysts for water splitting because of their narrow bandgap energy 

and favorable band locations. Ta3N5 absorption spectra, which may reach up to 600 nm, have 

drawn a lot of interest as a promising material for efficient photocatalytic water splitting. In 

experiments, TaON and Ta3N5 powders are produced by the high-temperature nitridation of 

crystalline or amorphous Ta2O5 under various temperature and time-of-heating regimes 

[182]. The resultant samples were characterised by neutron and synchrotron diffraction of 

powder analyses, which showed that TaON and Ta3N5 had monoclinic (phase) and 

orthorhombic crystal structures, respectively [183]. Nitridation of oxides materials yields the 

N 2p electrical configuration, which can be used for band engineering. Nitrogen replaces 

oxygen, making the valence band more negative, whereas the conduction band, which 

consists of empty orbitals derived from the Ta d
0
 orbital, remains mostly unchanged during 

nitridation. The time of the nitridation process, flow rate, and temperature were also observed 

to affect both the photocatalytic efficiency and band gap of these materials [184]. 
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Both materials have been demonstrated to produce hydrogen or oxygen from water when 

exposed to visible light and sacrificial reagents [185]. These photocatalysts have not been 

able to split water efficiently thus far. When exposed to visible light, these photocatalysts 

show relatively high activity in oxygen evolution. However, their contribution to hydrogen 

evolution is still negligible, falling roughly an order of magnitude behind their contribution to 

oxygen evolution. Hydrogen production also calls for some sort of tweaking. Efforts have 

been made to boost performance in hydrogen evolution. Hydrogen evolution can be 

significantly boosted by photo depositing Ru nanoparticles on top of a TaON photocatalyst 

[186]. Although Pt has been utilised as a co-catalyst in the instance of Ta3N5, the generation 

of hydrogen rate is significantly lesser even now [187]. One of the most efficient ways to 

speed up the Ta3N5 hydrogen evolution process is to subject the material to high pressure 

treatment using NH3 gas. This strategy makes sense since nitrogen vacancies are created in 

the crystal lattice through the synthesis of the (oxy) nitrides. After forming, these vacancies 

induce substantial band-bending at the photocatalyst-electrolyte interface, leading to the 

formation of a Schottky barrier that impedes electron passage to the reaction sites of surface 

from the bulk. Efforts have been made to boost performance in hydrogen evolution. Thus, it 

is considered that modifying the production technique to lower the defect density in d
0
 (oxy) 

nitrides materials is a powerful technique to boost photocatalytic activity [188]. 

1.4.2.4.2. Ta3N5 Metal nitride semiconductor photocatalyst 

Ta3N5 is regarded as the most effective catalyst for water splitting, pollutant degradation and 

CO2 reduction because of its suitable bandgap (2.1 eV). It has a strong visible light 

absorption wavelength of 600 nm [189]. Since 1972, ingenious research has emphasised TiO2 

capability to break down water under solar irradiation. Additionally, several photocatalyst 

materials have been investigated such as SrTiO3, CdS, GaN, and Ge3N4 for water splitting. 

Despite this, many of these materials have band gaps that can only absorb ultraviolet light, 
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which accounts for just about 10% of the light that hits the earth's surface compared to about 

40% and 50% for visible and infrared light, respectively [190, 191]. Therefore, a band gap 

that's able to absorbing visible light is required of a good photo-electrode material. Two, it 

must have valence and conduction band edges that exist across the oxidation as well as 

reduction potentials of water; three, it must be stable under water splitting circumstances; 

four, it must include no harmful substances; and five, it must be cost-effective. Research into 

tantalum nitride (Ta3N5) has been intense since it was first described in 2002 as a material 

with solar water splitting potential. Ta3N5 has an absorption edge at 610 nm and a band gap 

of 2.1 eV, it can absorb light from the visible spectrum (380-750 nm) [192]. Researchers are 

intrigued by Ta3N5 due to their excellent conduction and valence band edges, which allow it 

to perform both half processes (oxidation and reduction of water) concurrently. However, 

despite these benefits, the material's weak durability under water splitting circumstances and 

poor photovoltaic performance are major drawbacks. An oxide layer one nanometer thick 

forms over the exterior of the material under water splitting conditions, which has been 

connected to these problems [193]. The entire photocurrent of Ta3N5 water splitting devices is 

lowered as a result of this photo-oxidation byproduct. Isolating the Ta3N5 electrode from H2O 

or stabilising it with hole storage layers are two approaches that have met with mediocre 

results. Numerous strategies for enhancing Ta3N5 photocatalytic activity have been 

investigated by scientists. These include nanostructuring, dopant inclusion, multilayer films, 

co-catalysts, and sensitization. Doping and sensitization are looked at as the best way to 

regulate and enhance the photocatalytic activities of Ta3N5 [194]. 

1.5. Techniques to increase the photocatalytic efficiency of the Photocatalyst 

The electron in the photocatalyst VB becomes excited when it is exposed to the light photon 

flux, absorbs the energy of the flux to the photocatalyst's band gap, and then goes towards the 

CB, but the h
+
 remain in the VB. Figure 1.10 depicts the four main steps that typically make 
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up a photocatalytic reaction. The following stages are involved: (i) light absorption and 

coordinated activation of the photocatalyst; (ii) the creation of excitons (e
-
 & h

+
 couples); (iii) 

segregation and transport of excitons to the surface; and (iv) the participation of excitons to 

redox reactions at surface [195]. Recent studies have concentrated on generating new 

photocatalysts that can capture solar energy over a broad spectrum of light, improving the 

population and quality of catalytic sites, and separating excitons at the interface and in bulk 

by employing a variety of photocatalyst designs and controls. Therefore, in order to make the 

most of solar light, it is necessary to simultaneously address broadening the producing 

reactive sites, optical response and developing routes for efficient separation of excitons. 

 

Fig.1.11 Schematic diagram of different strategies to increase the photocatalytic 

efficiency [196, 197] 

 Spatial separation of excitons 

 Regulating the active sites 

 Increased optical absorption 

1.5.1.  Excitons are separated spatially 

The rate of e
-
/h

+
 pair separation is crucial to the photocatalytic efficiency. The photocatalyst 

is excited by the energy of incident photon flux in femtoseconds (fs) to picoseconds (ps), and 
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the photo-induced carriers of charge travel to its respective bands in nanoseconds (ns) to 

microseconds (s) before arriving at the surface and participating in the redox reactions [198]. 

However, e
-
/h

+
 recombination with the bulk is likely to occur during transit or at the surface 

of catalyst, causing heat to be released. Excitons recombine considerably more quickly than 

they are transferred to the catalyst‟s surface, where they take part through reduction and 

oxidation reactions, on a time range of picoseconds to nanoseconds. Loading co-catalyst (i.e. 

doping, vacancy engineering, crystal facet engineering, phase engineering, as well as 

heterojunction), regulating the sites that are active (basal engineering, quantum confinement 

effect, single atom photocatalysts), and increasing optical absorption (surface remodelling, 

SPR effect, surface hydrogenation, and SPR) are the examples of methods that have been 

explored to increase the distance between the charge carrier and thus increase the 

photocatalyst efficiency [199]. This section will go into further detail about them.  

1.5.1.1.Co-catalyst being loaded 

The photocatalytic activity is enhanced by loaded the co-catalyst, which increase the 

separation and transmission of charge carrier. To avoid recombination with the VB holes, 

electrons produced by photosynthesis in the catalyst's CB can be efficiently transported to the 

co-catalyst [200]. It is important to note that strong carrier transportation requires close 

interaction with the catalyst and co-catalyst. The co-catalyst acts as an e
-
 sink to improve 

charge separation at the interface when charges are introduced. The co-catalyst part in 

kicking off electron and hole dissociation can be broken down into two parts: (i) by placing 

the metallic co-catalyst on top of the photocatalyst, a Schottky heterojunction is created, 

which generates an electric field and improves charge separation. To increase the quantity of 

electrons contributing to the process, the photocatalyst must generate a Schottky circuit, 

which prevents electrons from returning to the CB [201]; (ii) to accommodate the 
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photocatalyst's electrons, the semiconductor co-catalyst with narrower band gaps forms a 

heterostructure analogous to a type I heterojunction, which enhances charge separation. The 

unusual metallic and semiconductor structure of transition metal dichalcogenides has made 

them a promising candidate for use as co-catalysts to improve electron and hole separation. 

Previous studies have used several metal co-catalysts to enhance the photocatalytic efficiency 

of photocatalysts. Among these catalysts, silver (Ag) and platinum (Pt) have been the most 

often utilized co-catalysts. Zhu et al. investigated the effect of the Pt co-catalyst size on the 

produced H2 by the g-C3N4 photocatalyst [202]. Under visible light irradiation, the 

photocatalytic findings revealed that the best samples contained 0.1 weight percent of Pt co-

catalyst, which produced a maximum H2 output of 473.82          . Increased light 

absorption, rapid exciton separation and transmission, and an abundance of active sites were 

all hypothesised to be responsible for the improved photo-activity. Camposeco et al. [203] 

looked at how adding an Rh co-catalyst improved the performance of Cu-doped TiO2 

photocatalysts for the production of H2, using Pt as a co-catalyst, evolved 9260 

           of hydrogen from a H2O-CH3OH mixture when exposed to 254 nm light. 

Enhanced light absorption volume, a decreased photonic slit, and barrier to charge unification 

were cited as the reasons for the increase in H2 evolution activity. To demonstrate its 

enhanced H2 development ability under visible irridiation, CoP QDs loaded as co-catalyst 

onto CdS nanorods by Sun et al. [204]. The vast majority of the research done on co-catalysts 

focuses on those derived from transition metals rather than precious metals. Using NiO as a 

model, Liu and colleagues developed a highly effective g-C3N4 photocatalyst that has been 

altered with NiO as a co-catalyst. The photocatalytic evolution of hydrogen activity was 

increased accordingly of the creation of C-O-Ni bonds, which produced an abundance of 

active sites that facilitated absorption of light and the couples of electron-hole separation. 

Under visible light irradiation, a scavenger rummaged h
+
 from the VB of g-C3N4, while 
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photo-generated in the CB of g-C3N4 migrated to the NiO to participate in the reduction 

reaction [205]. MXene and other transition metal carbides have gained popularity as co-

catalysts due to their fast photoelectron extraction rates. For example, Li et al. ensure 

effectively produced MXene QDs and coupled them with g-C3N4 to serve as a supernumerary 

for costly metal co-catalysts. MXene QDs improved charge carrier transport by increasing 

density and surface area of active sites. MXene has been studied extensively for its potential 

equally a co-catalyst to improve photocatalytic enactment, but its inexpensive and limited 

synthetic ways, poor stability in acidic conditions and multifaceted experimental 

requirements prevent its wide-scale implementation [206]. 

1.5.1.2. Doping 

Another useful strategy for enhancing e
-
/h

+
 pair separation is the introduction of extrinsic 

defects within the crystal structure of photocatalysts throughout their modification. Once 

elements are doped into a photocatalyst's framework, impurity states are often created in the 

optical band gap, hence decreasing charge recombination as shown in fig. 1.12. Some studies 

found that doping actually hinders photocatalytic activity by serving as a recombination 

centre for excitons. Doping elements can be introduced to photocatalysts in a few different 

ways: (i) in the synthetic process, when the dopant precursors and photocatalyst precursors 

are mixed together; (ii) by annealing the original catalysts in the presence of dopants vapour 

form; and (iii) by a method of ion implantation that permits precise regulation of the dopant 

concentration [207]. To sum up, the properties of host photocatalysts are highly sensitive to 

the amount and kind of dopant used. In order to increase the optical responsiveness and 

facilitate the separation of excitons, photocatalysts typically have metals and non-metal 

dopants inserted into their lattice. Here we shall discuss (i) doping with elements other than 

metals, (ii) doping with metals, and (iii) co-doping. 
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Fig. 1.12 Schematic representation of the photocatalyst without doping or doping with 

metals and non-metals [208] 

1.5.1.2.1. Non-metal doping 

Carbon C, oxygen N, nitrogen N, boron B, sulphur and fluorine F are just few of the non-

metals that have been reported to be doped into photocatalysts in the extensive literature 

[209]. When non-metal ions are injected above the VB of the photocatalyst, the separation of 

e
-
 h

+
 couples, optical harvesting, and electrical conductivity are all enhanced. Hydrothermal 

synthesis was used by Prabakaran et al. to create nitrogen-doped ZnO nanoparticles. An N-

doped ZnO photocatalyst outperformed pure ZnO in terms of light capture efficiency and 

surface area [210]. The development of defects owing to N doping into the ZnO lattice was 

credited with the enhanced optical responsiveness. Bento et al. used the MOCVD method to 

successfully prepare S-doped TiO2 thin films as a photocatalyst. X-ray photoelectron 

spectroscopy (XPS) demonstrated that oxygen vacancies were formed once Ti
+4

 ions were 

replaced with S
+6

 for modification the host TiO2 electronic characteristics. Furthermore, S
+6
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the band gap [211]. Doping of sulphur into TiO2, then, suppressed charge recombination 

while simultaneously expanding the optical absorption spectrum of material. The 

photocatalytic capacity of TiO2 was similarly enhanced through the addition of N dopant and 

Ti ions [212]. Similarly, ZnS can effectively limit the oxidation capacity of holes and restrict 

the recombination manner of charge carriers to diminish the photocorrosion of ZnS after the 

doping of N [213]. Since N-doped ZnS had a rather rough surface, it was able to offer an 

extensive amount of active sites to redox processes. Similarly, doping non-metals into metal 

oxides can increase the ability to separate of photoinduced excitons. In contrast to pure WO3, 

the amount of electrons is reduced when the surface is doped with sulphur, as demonstrated 

by Li et al. [214]. The DRS findings recommended the structure of the charge relocation 

mechanism and quantum confinement process was responsible for the enhanced optical 

absorption in S-doped WO3. In addition, the formation of highly charged oxygen vacancies 

improved the electron transport and oxidative capability, leading to greater e
-
 h

+
 pair 

separation and, ultimately, greater photocatalytic activity. To create S-doped hollow TiO2 

nanoparticles, Chaudhuri et al. took a unique approach, using a sacrificial core strategy where 

the outer layer gets doped with S by substituting O throughout the core removal procedure 

[215]. The newly created hollow doped nanoparticles have a narrow band gap (2.5 eV) and a 

better specific surface area (318.11 m
-2

 g
-1

) than solid nanoparticles (3.2 eV and 130.94 m
-2

 g
-

1
, respectively). As a result, the particles have impressively high photocatalytic activity, 

superior photostability, and have a good potential for the environmental application. The 

reduction of band gap from 3.2 to 2.5 eV with sulphur doping of TiO2 improves its 

performance as a solar-powered photocatalyst. Non-metal doping using S or N is commonly 

used in visible-range photocatalytic applications. Umebayashi et al. reported that, like in the 

case of TiO2, a significant red-shift of the absorption edge is induced by replacing S for O 

(anionic doping). Ab initio band calculation reveals that the intercourse of S 3p states through 
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the valence band causes a rise in the VB, decreasing the band gap [216]. To generate a unique 

mid-gap level exceeding the valence band, a different, more hypothetical approach uses the 

orbitals of the dopant atoms. 

1.5.1.2.2. Metal doping 

Various lattice of photocatalyst has also been widely employed to incorporate other metal 

ions, including Ag
+2

, Au
+2

, Cu
+2

, Fe
+3

, V, Nb, etc., to control their electrical characteristics 

and boost the photocatalytic activity intended for various photocatalytic applications [217]. 

Photocatalytic activity used for hydrogen evolution, for example, Vaiano and team 

synthesised nanoparticles of Cu-doped ZnO. The results demonstrated that compared to 

pristine ZnO, the optical absorption range were greatly increased by Cu doping in the lattice, 

and the recombination of e
-
/h

+
 pairs was prevented [218]. In addition, ZnO doped with Cu 

photocatalysts showed remarkable photostability. Another common method for enhancing 

photocatalytic performance is to incorporate silver into the photocatalyst structure. For 

instance, Sumadevi and colleagues used a co-precipitation method to create Ag-doped ZnS 

nanoparticles. X-ray diffraction analysis revealed that Ag-doped ZnS had smaller crystallites 

than pure ZnS. Adding Ag to ZnS caused a change in blue shift in the optical absorption edge 

of the material outstanding to the confinement effect of excitons, resulting into better charge 

separation and change in the band gap energy [219]. Absorption of light is shifted toward the 

red because of Fe doping performances as trapping sites, which slow the recombination rate 

of e
-
/h

+
 pairs. To examine the effect of Fe doping on the optical and photocatalytic properties 

of g-C3N4 Ma et al. synthesized g-C3N4 doped with Fe photocatalyst. The DRS findings 

designated that the electrical characteristics of g-C3N4 are tuned to exhibit high light 

absorption once Fe is introduced into the lattice. In addition, PL analysis demonstrated that 

Fe
+3

 cations acted by way of charge trapping sites, postponing recombination of charges. Fe 
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doped g-C3N4 also demonstrated high stability after repeating the experiments upto five 

cycles [220]. In photocatalyst, doping with Au has been demonstrated to increase both the 

absorption of light capacity and the separation of charge carrier. Wang et al. used two simple 

methods to manufacture Au-doped CdS nanorods. Their photocatalytic activity was greatly 

improved, and they were extremely stable, thanks to the self-reduction of Au
+3

 and the 

surface plasmon resonance effect. Nanorods with typical dimensions of 0.5-3 m in length and 

50-100 nm in diameter were successfully formed, as shown by SEM and TEM examinations. 

In comparison to the 14.2 ns average lifetime for charge carriers in pure CdS, 3 wt% Au 

doped sample had the lower recombination rate of charge carriers. It was further confirmed 

by EIS Nyquist plots that the CdS doped with 3% Au photocatalyst had the lowest interfacial 

charge transfer opposition [221]. The use of Nb as a dopant to boost photocatalytic activity 

has been found to have great potential. Since Nb can replace for Ti
4+

 cations in the TiO2 

lattice, it can effect the formation of Ti
3+

 cations and oxygen vacancies, which in turn boosts 

the photocatalytic activity of the TiO2 by increasing its electron-hole split-up efficiency, 

internal quantum capacity, and charge transfer efficiency [222]. By introducing Nb dopant 

into the Ta3N5 lattice, Truc et al. were capable to increase the photocatalytic activity of the 

material by increasing the separation of electron-hole pair. This was achieved due to the fact 

that Nb dopant introduced into Ta3N5 lattice reduced the band gap energy of Ta3N5, which in 

turn improved the electron hole pair split-up efficiency, reduced the chance of recombination 

of the generated electrons and holes [223]. 

1.5.1.2.3. Co-doping 

While investigating ways to boost the photocatalytic efficiency of photocatalysts, co-doping 

has received as much attention as single-element doping. Element types in co-doped 

compounds might be the same or different (one metal and another non-metal) [224]. In 
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general, doping photocatalysts with many elements is more effective than doping them with a 

single element since it allows them to circumvent more limitations. In the context of 

photocatalysts, co-doped elements serve two distinct purposes: (i) one element turns to 

manipulate the host band structure, and (ii) another element either facilitates the introduction 

of the exchanged element into the structure of the host, or recompenses for charge 

mismatching throughout aliovalent doping. Mid-gap impurity levels may be established by 

doping with S, Fe, P, C, etc., and may be their action as recombination centres to boost 

exciton recombination [225]. Phosphorus, sodium, chlorine, and other elements with large 

ionic radii tend to accumulate in the interstitial sites. Depending on the Mullekin 

electronegativity of the substituted dopants, the CB maxima of photocatalysts may be pushed 

up or down [226]. Co-doping with non-metal compounds has been widely studied in order to 

get a high synergistic influence on a photocatalyst. Farahdian et al. used sulphur and nitrogen 

co-doped elements to make N, S- doped TiO2 and N, S- doped ZnO materials, in addition to 

compound photocatalysts. The photocatalytic effectiveness improved as a result in the 

reduction of the optical band gap brought about via the introduction of new intra-gap 

intensities above the VB, which expanded the photocatalyst's capacity to absorb visible light 

[227]. Similarly, Yao et al. revealed that co-doping g-C3N4 with metal cations Ag and B 

increases its photocatalytic efficiency. By creating faulty sites to serve as trap centres, B 

dopants enhanced charge carrier separation and conduction. Co-doping g-C3N4 with B and 

Ag increased its surface area, leading to a greater concentration of active sites, and pushed 

the wavelength range across which it could absorb light. Furthermore, the synergistic action 

of B and Ag was observed to cause a positive shift in CB maxima of g-C3N4, which 

successively enhanced the photocatalytic activity [228]. Extensive methods and research have 

shown that by mixing TiO2 with non-metals and metals, an extremely efficient and visible 

light active photocatalyst may be produced. Co-doping a non-metal with a metal can boost 
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photocatalytic activity while keeping the structure as stable as possible. Introducing a cationic 

pair to bulk TiO2 dopants has been found in recent studies to boost photocatalytic activity 

while decreasing structural variability [229]. 

1.5.2. Controlling the active sites 

Redox reactions take place at specific areas known as active sites in photocatalysis. As a 

result, the amount of active sites is directly correlated with photocatalytic efficiency. In 

general, there are two basic methods to increase the quantity of active sites: the effect of 

quantum confinement and basal engineering [230]. In order to improve photocatalytic 

efficiency, we will discuss the use of these two methodologies in this section. 

1.5.3. Improved photosensitive absorption 

Although specific photocatalyst could control their optical sensitivity towards the visible area 

of the solar spectrum, designing a photocatalyst proficient of harvesting the solar light from 

the UV all the way through the visible and also the near infra-red part of the solar spectrum 

remains a significant challenge. A flat and uniform surface cannot show a better light 

absorption capability since most irradiation light will be reflected off. On the other hand, 

rough surfaces are able to scatter light effectively, that it is trapped for an enough long time 

[231-233]. In order to function as a photocatalyst, a photoactive material must be able to 

absorb light and transform it into usable chemical or electrical energy. Experiments with a 

wide range of typical photoactive materials have revealed that these materials are selective in 

the light they absorb, leading to a narrow spectrum of radiation. Decreased TiO2 (in the 

presence of Ti
3+

 cations and oxygen vacancies), also acknowledged as black Titania, and has 

been used to increase optical absorption with a change in red shift in the absorption edge just 

before the IR region [234]. The bandgap of a semiconductor material is well-known to have a 
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significant impact on the absorption of incident photons. And by utilising cocatalysts, 

creating composites, and doping with appropriate materials, it is possible to modify the 

photoactive material bandgap. Its size can be altered by changing the intensity of the incident 

radiation. To supply charge carriers for photochemical processes, a catalyst needs to have the 

right redox potentials in addition to the optical qualities we've just covered. Because water 

reflects light and has an absorption coefficient that isn't zero (at wavelengths over 600 nm), 

photochemical reactions in aqueous media may result in substantial photon absorption, 

making it necessary to have the photo absorber or catalyst to grab the incoming photon [235]. 

While it is possible to tune the optical response of some photocatalysts such that they are 

more active in the visible portion of the lunar spectrum, it remains a formidable task to create 

a photocatalyst that could absorb all wavelengths of solar radiation. Since most irradiation 

light will be immediately reflected off of a smooth and uniform surface, such a surface cannot 

demonstrate a greater light absorption capability. On the other hand, rough surfaces are able 

to disperse light effectively, which leads to light being trapped for an extended amount of 

time. Therefore, the light utilisation capacity may be improved by extending the range of the 

scattering effect by altering the catalyst surface [236]. The optical absorption capability of 

photocatalysts could be enhanced using the subsequent methods: 

1.5.3.1. Structure design 

The photochemical process begins through adsorption of H2O molecules on the photocatalyst 

surface. Most crucial is the rate at which water molecules are adsorbed on their surface 

nature, and wettability. The photocatalytic processes occur through the participation of free 

charges generated in the photocatalyst via quantum-mechanical transition of electrons into a 

mobile state by annihilation of the absorbed photons. As these free charges that diffuse 

toward the materials surface, they can then start the redox reaction between the adsorbed 
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reactants on the surface of photocatalyst [237, 238]. Adsorption on the catalyst surface is 

facilitated through lattice defects (vacanscies, interstitial defects, and antidefects) present in 

crystal. To improve a photocatalyst performance, current research has highlighted the 

significance of taking into account crystallinity, particle size, and surface-to-volume 

percentage. Maximum photocatalytic performance has been achieved by optimising the 

rational structural design such as photocatalyst size, band gap energy, and recombination of 

charge carrier. Additionally, the crystallinity of photocatalyst material was improved by 

reducing the density of structural defects through calcination improving the charge transfer 

[239]. In a similar vein, a greater concentration of active sites, as provided by a larger surface 

area, enhance the adsorption of reactants, speeding up the reaction. However, free electron-

hole pair recombination is more likely to occur at sites with a greater surface area. As a 

result, large surface area increases the photocatalytic performance [240]. When a particle 

adsorbs on a solid surface it is going to alter the zeta potential (ZP) of the solid surface [241]. 

ZP is among the most accessible analytical techniques to report the surface net charge 

indirectly, however surface charge is the density of charge on the particle surface, whereas 

ZP is the strength of particles shear plane during electrophoresis. The photocatalyst 

adsorption property is affected by its zeta potential or surface charge [242, 243]. It is crucial 

to consider that the adsorption quality of a catalyst is enhanced when it has a porous surface 

area, which is created during the synthesis process, rather than having a smooth surface. 

Higher adsorption and photocatalytic activity have been suggested by numerous studies of 

pore volume and simultaneously increased the surface area [244]. Photoelectrochemical 

water splitting using mesoporous (pore size 9.0 nm) hematite (-Fe2O3) has been shown by 

Sivula et al. to be more efficient than using a non-porous hematite electrode [245]. A large 

surface-volume ratio, distinct optical and carrier mobility characteristics, and a core-shell and 

hierarchical shape are all hallmarks of photocatalyst structures designed with these features in 
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mind. Therefore, in this part, we will examine how core-shell structures and hierarchical 

structures can improve photocatalytic performance. 

1.5.3.1.1. Core-Shell design 

When trying to create a highly effective photocatalyst, overall core-shell nanostructure is by 

far the most popular choice for the structure design method. Core-shell structures play an 

important part in improving photocatalytic efficiency by doing the following: (i) preventing 

corrosion or undesirable aggregation throughout photocatalytic reactions; (ii) activating 

distinct optical characteristics; (iii) the interaction between core and outer shell layers offers 

charge carriage channels and encourage localized surface plasmon resonance (LSPR) effect; 

(iv) constructing ploy-functional materials. Photocatalyst stability is much improved when it 

is prepared with a core-shell configuration. The shell, whether they are yolk-shell, dual-shell, 

core-shell, and hollow shell, could be constructed on photocatalytic material [246]. The 

possible shape for Cores may exist in the form of nanotubes, nanoparticles, or nanorods. 

Additionally, complicated core shell structures have been built due to its enormous surface 

area, high compacted diffusion pathways of carriers, density of catalytic sites, and improved 

accessibility to reactants, a photocatalyst having hollow spheres has been the subject of 

extensive research. There are two basic methods used to make hollow spheres: without a 

template and with the aid of a template. Several researchers have discussed the advantages of 

using a core-shell structure to create a high-performance photocatalyst [247]. Another 

significant hurdle that must be overcome in the photocatalytic process is maintaining the 

stability of the nanoparticles photocatalyst. During the synthesis and photocatalytic reaction, 

a particle with smaller in size has higher-surface-area with significant porosity and strong 

stability. The catalyst structure offers advantages, such as stabilising nanoparticles inside the 

shell to maintain the activity of the catalytic sites. 
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1.5.3.2. Sensitizer methodology 

Introducing photocatalysts with a narrower photonic gap, such as quantum dots, is a key 

technique for increasing the photocatalyst optical response time. The optical absorption range 

can be efficiently expanded by constructing a heterojunction between the photocatalyst and 

the sensitizer. The band gaps of the photocatalyst and sensitizer, as well as their capacity to 

separate charges, affect the photocatalytic efficacy of the sensitised composite. One study 

showed that sensitising ZnO with CdS increased its ability to absorb light, which in turn 

improved its photocatalytic efficacy [248]. 

1.5.3.2.1. Sensitization/Protection with Polymer (PANI) 

Several research studies have linked Ta3N5 with former semiconductors, like as Co3O4, 

Ag3PO4 and Bi2O3, to generate complexes with the goals of further increasing charge transfer 

productivity and preventing from own photocorrosion of Ta3N5 [249, 250]. The 

photogenerated charge carriers of Ta3N5 may be excited to its surface, where the connected 

semiconductor could function by way of a charge acceptor to boost the composite 

photocatalytic activity. In order to increase the photocatalyst efficiency and stability, 

photocatalysts such as carbon composite, CdS, TiO2, and Fe2O3 sensitized with conducting 

polymers conjugated electron systems for example polypyrrole (PPy), polythiophene (PTs), 

and polyaniline (PANI) [251]. The polymers high mobility of charge carriers, great optical 

absorption characteristics, and superior environmental stability made them ideal for this 

application. To increase the photocatalytic activity of a photocatalyst, an outer layer of 

suitable conducting polymer can be placed on its surface. 

 

1.6. Miscellaneous features (photo stability)  
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A catalyst chemical stability is essential for maintaining a constant rate of photocatalytic H2 

production. Photocatalyst can't undergo photocorrosion, wherein they break down under the 

exposed of light because of electron consumption during self-photo-oxidation or self-

photoreduction. Despite the lack of hole scavengers (i.e., ethanol and Na2SO3), Toe et al. 

observed photocorrosion of Cu2O converted into CuO due to self-oxidation (Cu2O converted 

into CuO) [252]. Ning et al. reviewed the likely tactics implemented to improve the 

photostability of CdS for effective photocatalytic reactions and the relevant mechanisms of 

photocorrosion of CdS [253]. Following is a detailed discussion of the role of photon-induced 

holes, sulphide anion (S
2-

 /S or S
2-

 /SO4
2-

), and dissolved oxygen. 

                                                    CdS + 2h
+
   Cd

2+
 + S                                                      (1.7) 

                                 CdS + 4h
+
 + 2H2O + O2   Cd

2+
 + SO4

2-
 + 4H

+ 
                                  (1.8) 

                                                 CdS + 2O2   Cd
2+

 + SO4
2-                                                                            

(1.9) 

Both prolonged reaction time and numerous reaction cycles using the identical catalyst have 

been studied to learn more about its long-term stability. Shibli et al. have demonstrated that 

the rearrangement of Mn centers in MnCo2O4 nanoparticles during a photochemical reaction 

decreases their photocatalytic ability, which contradicts their effectiveness in splitting water 

in a single cycle. After each cycle, the powder catalyst was dried and re-heated to 470 °C to 

restore its previous level of activity [254]. Recently, Gogoi et al. used Ag-doped TiO2 

nanoparticles for photocatalytic H2 generation and reported almost no efficiency reduction 

after three consecutive cycles [255]. 

Summary 

Chapter 1 (page no. 1-65) 

 

Introduction to current scenario of energy & environmental issues in the world, present 

remedial technologies used for taking care of these issues and importance of photocatalysis 

were discussed. The detailed mechanism of Photocatalytic hydrogen evolution and CO2 
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reduction through water splitting were also explained. There are several semiconductors 

which have been reported as photocatalysts so far. However, uncontrolled charge 

recombination which reduces the quantity of active species is the major drawback for using 

these photocatalysts. As reported by Kanhere et al. 2014, this can be overcome by using 

complex oxide structures as photocatalysts [256]. The existing complex 

oxide/sulphides/nitrides type semiconductors photocatalyst and their drawbacks were listed 

and discussed. The importance of photocatalysts structures and their photocatalytic properties 

were reported. There are several strategy discussed above in regards to increase the efficiency 

of photocatalysts. Doping/codoping of elements with different ionic radii (metal/non-metals) 

has an adaptability to maintain the structure. The bandgap and band edge potentials can be 

altered without affecting its structure by doping with different elements. The defective sites 

after doping different elements can act as active centres to reduce charge recombination. In 

this form it reduces the recombination rate by separating the charges and also supplies 

additional charges to photocatalysts for enhancement of efficiency of photocatalytic 

properties. Another important issue is availability and cost-effectiveness. Vanadium (V), 

niobium (Nb), and tantalum (Ta) are transition metals from group fifth. Nb and V are 

extensively distributed in Earth crust, but there are few concentrated deposits of these 

elements. Tantalum is less abundant in the Earth crust it occurs in the same minerals as 

niobium. Complex tantalum nitride can be synthesized by facile hydrothermal methods by 

using tantalum oxide precursor. Most importantly they are visible light active materials due to 

their narrower bandgap and can be used under sunlight irradiation. Because of these factors, 

in this work tantalum nitride based composites photocatalysts are synthesised. They are 

modified to be visible light active by doping/codoping also by employing carbon as a 

supporting material to increase the surface area for the maximum absorptions of light 

irradiations. PANI was also used in this work to protect the synthesized materials from self-



 

61 
 

photocorrosion which leads to advance the photocatalytic activity of materials. Finally the 

composite was used as photocatalysts for hydrogen generation and reduction of CO2 through 

water splitting. 

The main objective of this research work is to rationally design and fabricate an efficient 

novel co-doped Ta3N5 immobilized with carbon based materials for combination with a 

suitably sensitized with PANI based photocatalyst for effective visible-light-driven overall 

PC water splitting. This study finding might provide worthwhile information for future 

efforts to develop visible-light-driven photocatalysts for use in cleaning up polluted 

environments. The outcomes of the present investigations and its future prospects are 

presented in the subsequent chapters. 

Chapter 2 (page no. 66-114) 

This chapter provides an overview of research studies carried out on PC water dissociation 

systems. First, it introduces the basic concepts and operation of PC water splitting system that 

employs semiconductor-based photocatalyst. This chapter also ventures into the current 

development of metal nitride (Ta3N5) photocatalyst specifically, which includes insights into 

its synthesis and surface modification strategies. Furthermore, the literature review also 

addresses the research progress on Carbon based materials with a specific focus on the wide 

range of material improvement strategies used. This chapter also further scrutinises the 

development of the photocatalyst system and Photoreactor design, covering its fundamentals 

in system configuration. Photocatalytic water dissociation is a reliable alternative method to 

harvest renewable hydrogen to address the world energy crisis and environmental pollution. 

The state-of-the-art regarding water splitting and carbon dioxide reduction and recent 

research approaches are provided. Since the pioneering works by Fujishima, Honda on solar 

water splitting and carbon dioxide reduction by semiconductor photocatalysts several 

semiconductor photocatalysts have been developed to produce photocatalytic H2 and CO2 
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reduction. 

Chapter 3 (page no. 115-132) 

Chapter 3 deals with all the characterization techniques used and synthetic methodologies 

employed in the present investigation. The compounds reported in this study are synthesized 

by solid-state reaction method from precursor salts, such as, metal oxides, carbonates, or 

oxyhalides. This chapter also gives a detailed discussion about various synthetic procedures 

e.g. hydrothermal syntheses involved for the synthesis of photocatalysts. The entire course of 

synthesis and formation of products are monitored via X-ray diffraction (XRD) analysis. The 

morphological, compositional and fundamental details of the compounds are explored 

through energy dispersive X-ray spectroscopy (EDS), field emission scanning electron 

microscopy (FE-SEM), and UV-visible diffused reflectance spectroscopy (UV-Vis DRS) is 

used toward study the optical properties of the compounds. The detailed analysis of the 

recombination of charge carriers and their lifetimes are investigated by photoluminescence 

(PL), electrochemical impedance spectroscopy (EIS) techniques. The experimental details of 

photocatalytic water splitting of the compounds of interact under solar irradiation or 80 W 

bulbs (visible light) are given in this chapter. The details of all the techniques and instruments 

utilized with methods of sample preparation for the analyses are discussed in this section. 

Chapter 4 (page no. 133) 

This chapter includes the development of the nanocomposites photocatalysts 

Ta3N5/BSC@PANI, V@S-Ta3N5/PANI and Nb- Ta3N5/PANI via hydrothermal, sol-gel and 

chemisorption synthetic procedure, characterization of these nanocomposites and their use as 

an efficient catalyst for water splitting.  

In Chapter 4 section A (page no. 133-150) the fabrication, characterization and 

photocatalytic movement studies of cost-effective, most stable and eco-friendly 

Ta3N5/BSC@PANI nanocomposites are described. The composite was synthesized by 
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utilising the waste/biomass of peanuts shell into useful carbon. FE-SEM and studies confirm 

morphology with homogeneous distribution of the constituent elements. The EIS and PL 

analysis suggest suppression of photogenerated electron-hole recombination. The 

photocatalytic bustle studies of the compounds for water electrolysis under visible-light 

irradiation. The reusability and stability of the photocatalysts are probed for six cycles of H2 

production. 

Section 4 (B) (page no. 151-170) in this chapter, the development of a cost-effective, stable 

and eco-friendly co-doped V@S-Ta3N5/PANI nanocomposites and their photocatalytic 

applications for HER have been discussed. The enhancement of the activity of dealloyed 

V@S-Ta3N5/PANI towards water splitting reaction has been elaborated in this chapter. The 

compounds are synthesized by hydrothermal and chemisorption process. The UV-Vis DRS 

data confirm the visible band gaps of the compounds in the range 1.56 – 2.15 eV. The 

catalysts reveal exceptional photocatalytic activity for H2 generation beneath visible-light 

irradiation. The photocatalytic cycle tests were done to confirm the stability and reusability of 

the photocatalyst amount of H2 evolution of V@S-Ta3N5/PANI was almost unaffected even 

after five cycles.  

Section 4 (C) (page no. 171-172) in this chapter, we have discussd about the design of 

photoreactor to carry out the experimental part. The efficiency of a photocatalytic process 

greatly depends on factors such as the extent of optical absorption and the adsorption of 

reactants on the catalyst surface. Therefore, the design of photoreactors holds significant 

importance, encompassing aspects such as the choice and positioning of light sources, reactor 

configuration, and the incorporation of reflectors. The photoreactor contents should be evenly 

in order to provide the greatest photocatalytic results. Due to its capacity to capture more 

photon, larger surface area, maximum light absorption, and improved photocatalytic effects, 

have been the subject of substantial research in photocatalyst technology. 
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Section 4 (D) (page no. 173-180) in this chapter, the development of a cost-effective, stable 

and eco-friendly Nb-Ta3N5/PANI nanocomposites and their photocatalytic applications for 

HER have been discussed. The enhancement of the activity of dealloyed Nb-Ta3N5/PANI 

towards water splitting reaction has been elaborated in this chapter. The compounds are 

synthesized by sol-gel and chemisorption process. The UV-Vis DRS data confirm the visible 

band gaps of the compounds in the range 1.94 – 2.15 eV. The catalysts reveal good 

photocatalytic activity for H2 generation under visible-light irradiation. The photocatalytic 

cycle tests were done to confirm the stability and reusability of the photocatalyst amount of 

H2 evolution of Nb-Ta3N5/PANI was almost unaffected even after three cycles.  

Chapter 5 (page no. 182) 

The overall conclusions and future prospects of the current investigation are presented in this 

chapter. The work has resulted in the synthesis of new photocatalyst materials with the core 

shell polymer structures. The role of carbon based materials and doping/codoping with metals 

and non-metals, especially PANI layered structure changing composition and their effect on 

the light absorption and subsequent interplay in the photocatalytic activity are highlighted. 

Moreover, the interplay among various parameters, such as, charge carrier recombination, 

absorption and charge-transfer resistance, which influence the photocatalytic activity of 

nanocomposites are elucidated. The present work has also demonstrated an improved 

photocatalytic activity under visible light driven by enhanced charge carrier transport. Co-

doping by the metal/non-metal (V, S) incorporated Ta3N5 semiconductor V@S-Ta3N5, 

visible-light focused photocatalytic water splitting has been demonstrated. Because of slow 

recombination of photoinduced e
-
-h

+
 pairs, increased charge separation, and the excellent 

photocatalytic H2 generation from water splitting under visible-light irradiation, the 

nanocomposite V@S-Ta3N5/PANI is shown to be a promising material. 

The outcomes of the present work have significant research potential for the development of 
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various nanocomposites layered with polymer for the photocatalytic H2 production via water 

splitting under visible-light irradiation. This present work contributes to new insights in the 

designing of semiconductors with visible band gaps and they offer wide applications in water 

splitting. The main objective of this research work is to rationally design and fabricate an 

efficient novel co-doped Ta3N5 immobilized with carbon based materials for combination 

with a suitably sensitized with PANI based photocatalyst for effective visible-light-driven 

overall PC water splitting. This study finding might provide worthwhile information for 

future efforts to develop visible-light-driven photocatalysts for use in cleaning up polluted 

environments. 
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Chapter 2 

Literature Review 

2.1 Principles of Solar-driven PC Water Electrolysis/Splitting 

2.1.1 General Concept of Overall PC Water Electrolysis 

Similar to electricity, H2 is a secondary form of energy where energy input is always 

required to produce H2. At present, approximately 5 % of the global H2 is produced 

using renewable energy sources, while the rest is still derived from fossil fuels, such as 

coal gasification and steam methane reforming [257]. Despite the many different 

feedstocks that can be used to produce H2, such as biomass, glycerol or urea, more 

intensified efforts are focused on the use of water as the starting feedstock. The ideology 

of overall water splitting has become immensely popular as most of the aforementioned 

production routes for H2 generation are still rather costly and unsustainable [258]. In 

this regard, electrolysis is the most commonly performed process that splits pure water 

molecules using electricity/photon via an electrolyzer. Although H2 of high purity can 

be obtained, the application of water electrolysis to produce H2 only covers about 4 % 

of the world H2 production. Its applications are often limited by the energy-intensive 

process and the inefficiency of electrolyze systems 

2.1.2 PC water splitting 

Photocatalytic water dissociation is an auspicious alternative system to harvest hydrogen 

to address the world energy crisis and environmental pollution [259]. The state-of-the-art 

regarding water splitting and carbon dioxide reduction and recent research approaches 

are provided. Since the pioneering works by Fujishima, Honda on solar water splitting 

and carbon dioxide reduction by semiconductor photocatalysts several semiconductor 

photocatalysts have been developed such as TiO2, ZnO, WO3, C3N4, TaON, SrTiO3, 
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CeO2, Fe2O3, LaFeO3, GaN, Bi2S3, CdS, ZnS and Ta3N5, etc. (Band edge position of 

these the photocatalyst shown in Figure 2.1) to produce photocatalytic H2 and CO2 

reduction [260, 261]. Among them, Ta3N5 is an auspicious material because of its 

suitable electronics band levels, availability, economic viability, non-toxicity, long-term 

stability and non-photo corrosiveness [262]. 

 

Fig. 2.1 Shows Band edge position of these photocatalyst [263] 

2.2  The photocatalytic water electrolysis mechanism and associated characteristics 

Figure 2.2 demonstrates a simplified representation of the water electrolysis by photocatalytic 

process. Absorption of light by photon energy higher than the photocatalyst's bandgap 

triggers the reaction. Through this mechanism, an electron gets excited to the CB from the 

VB, creating a VB hole in the manner. This initiation happens very quickly (on the 

femtosecond time scale), and it is followed by a correspondingly rapid moderation of the hole 
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to the base of the CB and then the peak of the VB. When charge transfer toward the surface 

from bulk (i.e., there is no recombination response), the photogenerated charges will perform 

an electrochemical reaction on the photocatalyst's surface. The oxidation and reduction 

reactions of H2O are catalyzed via photogenerated holes and electrons on the photocatalyst 

surface. 

 

Fig. 2.2 Mechanism of water electrolysis by photocatalytic process [264] 

Generally, water electrolysis by photocatalytic process undoubtedly entailed several intricate 

photophysical and chemical processes. Multiple steps associated with the reaction are 

discussed here for a comprehensive understanding of the mechanism. The following six 

processes classify the stages elaborate in photocatalysis for water splitting and define 

important factors [265]. 

2.2.1 Absorption of photon and generation of excitons  

The development of excitons (excited electron and hole couples) is the result of the 

photocatalytic activity, which begins with the semiconductor absorbing a photon. Photons in 

a powder system will not only be absorbed, but will also be scattered, reflected, and 
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transmitted. Rayleigh and Mei scattering are useful for categorising light path through a 

particle, whereas the Fresnel equation provides a good description of light reflection off of a 

particle surface. Light absorption in a semiconductor sheet arrangement system is diminished 

by reflection and scattering [266]. As the varied semiconductor particles absorb the reflected 

and dispersed light, powder semiconductor systems provide further benefits in this area. 

Absorption coefficient (α) is a quantitative definition of the absorption qualities of 

photocatalysts and is preferably measured for a semiconductor thin layer. The overall formula 

states as: 

                                                                                                                  (2.1) 

Wherever A is the absorbance and l is the path length of light passing over the sample [267]. 

2.2.2 Exciton split-up  

After a semiconductor absorbs light, excitons are created as the following step in the process. 

Excitons are defined by their binding energy, which must be minimized to promote their easy 

dissociation [268]. The excitons, once separated, will become free charges that can be 

contributed to use in a photocatalytic activity. 

Compared to the binding energy of a hydrogen atom, which is well-defined as the energy 

necessary to ionize the exciton in its lowest energy state, the gap between the series limit and 

the lowest bound state (n = 1) is substantially less for excitons [269]. The following equation 

provides a useful framework for describing it: 

                                             
    

     
  

   
 

  
                                                            (2.2) 

Wherein m
*
 is the abridged effective mass of the e

-
-h

+
 system (1/m

*
 = 1/me

*
 + 1/mh

*
), e as 

essential charge, h as the Planck constant, and εr as dielectric constant.  

 

2.2.3  Diffusion and recombination of charge carriers  
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After exciton separation, free carriers must go to the surface to initiate a photocatalytic 

process. Electron and hole mobility refers to the freedom with which electrons and holes can 

move within a material and transport charge [270]. The Einstein relation connects the 

mobility of carriers with the distribution coefficient D and the carrier lifetime [271]:  

                                                             
   

 
                                                                   (2.3) 

                                                         And,    
 

  
                                                              (2.4) 

This is the effective mass, m*, where e is the elemental charge and kB is the Boltzmann 

constant. Current is produced by the association of free carriers in a semiconductor. Diffusion 

current and drift current are typically added together to form the total current in 

semiconductors, as shown in the following equation [272]. 
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                                                   (2.6) 

The concentration gradient of free carriers is the source of the current known as diffusion 

current. According to Fick's rule, the diffusion currents can be characterized by their 

respective diffusion coefficients (Dn for electrons and Dp for holes) and charges (q for holes 

and +q for electrons). Potential gradients, brought on by the electric field, lead to drift 

currents. Diffusion length and minority carrier lifetime are significantly correlated with the 

concentration and mobility of charge carriers. One of the characteristics that establish 

photocatalyst efficiency is the lesser carrier lifespan, or the regular duration a typical lesser 

carrier occurs before recombination [273]. Minority carrier is represented by n for n-type 

semiconductors, where holes are the lesser carrier, and by p for p-type semiconductors, where 

electrons are the minority carrier. Spectroscopic techniques allow for its optical or electronic 

measurement. 

2.2.4 Charge carrier transport  
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After the carriers have been successfully separated and transferred, they should go to the 

semiconductor surface, where a redox reaction can take place. Since the main mechanism for 

carrier transfer in a complete semiconductor is diffusion, the carrier lifetime appears to be a 

powerful determinant of efficiency. When placed in contact with an electrolyte, metal, or 

another semiconductor, semiconductors exhibit an electric field or space charge. Band 

bending due to this intrinsic electric field is then used for efficient charge separation [274]. 

2.2.5 Efficiency of catalysis  

Effective electrocatalytic processes are used to complete all of the photophysical processes on 

the semiconductor surface that were previously outlined. One of the most crucial factors in 

achieving successful photocatalytic electrolysis of water in visible light is the efficient 

catalyst. It is currently unclear how cocatalysts affect photocatalytic reactions whether they 

merely supply active sites for redox reactions or also speed up hole utilization [275]. The 

following is a general expression for the general redox reactions on the cocatalysts: 

                                                                               (2.8) 

      vs. RHE 

                                                                         (2.9) 

                

On the surface of photocatalysts, electrochemical reactions take place at the electrocatalysts 

steady-state potential, which is dictated by all the previous photophysical and photochemical 

events. Whenever the possible shifting of the electrocatalyst immobilized on the surface of 

the semiconductor could be monitored, the rate of the electrocatalytic reaction itself could be 

evaluated distinctly by using an electrochemical technique electrocatalytic activity could be 

represented by the Tafel equation [276]. The following equations can be used to indicate the 

photoelectrochemical half reaction reaction rate, r (mol s
-1

); 

                                                        
  

  
   

        
  

  
                                                   (2.10) 
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 i0 represents the exchange current density of the specified metal (in A cm
-2

), is the transferal 

coefficient, n represents the number of electrons participating in the reaction, F represents the 

Faraday constant, ED and E0 represent the metal's Fermi level and its solution secure redox 

potential, respectively, R represents the universal gas constant, and T defined the absolute 

temperature. 

Identification of diverse co-catalysts using an electrochemical method is crucial for effective 

photocatalytic reaction. The volcano plot of some metals for the formation of hydrogen in 

acidic conditions has been published by Trasatti and Norskov [277, 278]. It has been 

demonstrated that the free energy of H2 adsorption on metals has an ideal value. For oxygen 

evolution catalysts, similar volcano charts have been described with a variety of 

thermodynamic descriptors. As a minimum scale back the usage of noble metals, current 

research is focused on creating the oxygen and hydrogen evolution catalyst. It has been 

originated that the islands of nickel (Ni) and cobalt (Co) sort on the surfaces of noble metals 

exhibit excellent results for both H2 and O2 evolution. Perovskites and other materials with 

assorted oxyhydroxides, such as nickel-iron, have similarly been found to function as 

minimal above-potential electrocatalysts. 

2.3  Photocatalytic H2 production and CO2 reduction 

2.3.1 Photocatalytic H2 production  

 Hydrogen is produced photo-catalytically by a reduction process that ages photogenerated 

electrons and aqueous hydrogen ions. Photons from sunlight or artificial light are taken in by 

a photocatalyst. After this, electron migration after the VB to the CB is triggered, depleting 

the VB of its electrons and leaving behind positively charged holes. Some of the electrons at 

the surface might turn into a reductant to produce H2, but the vast majority of them will 

recombine with the holes [279]. 

In a nutshell, here what goes on during photocatalytic hydrogen synthesis: Seven distinct 
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steps are involved in the transmission of excited photogenerated charges to water or other 

molecules or ions: (1) absorption of light on the photocatalyst; (2) creation of excited charge 

carriers; (3) recombination; (4) split-up; (5) migration; (6) trapping; and (7) transmission. 

With photocatalytic (PC) water splitting, solar energy is transformed into pure, usable 

hydrogen (H2), which may then be stored for later use [280]. Several different types of 

photocatalysts for photocatalytic water dissociation have been studied. In the photocatalytic 

hydrogen evolution reaction (PCHER) system, semiconductors including metal oxides, metal 

nitrides, metal sulfides/metal chalcogenides, and etc. play a crucial role as photocatalysts. 

By monitoring the volume of hydrogen gas over a predetermined amount of irradiation of 

light, the effectiveness of photocatalytic hydrogen generation may be ascertained. Hydrogen 

evolution is either         or           , which is used to standardize the photocatalytic 

efficiency across different photocatalysts and setup configurations [281].  

            Apparent quantum yield (AQY) = (
                         

                      
)                       (2.11) 

The efficiency is defined by the apparent quantum yield (Eq. 2.11), which, as the entire 

photons of the incident light are fewer than the photons that are absorbed, is an expected 

value that is lower than the entire quantum yield.  

2.3.2 Photocatalytic CO2 Reduction  

2.3.2.1  CO2 photocatalysis  

The carbon dioxide (CO2) emission is rising into the environment because the use of fossil 

fuel, there are now many concerns about global warming. In order to counteract climate 

change, by 2030, greenhouse gas emissions should be reduced in half, agreeing to the 

International Panel on Climate Change [282]. The global temperature may rise by 10-15 
◦
C 

and CO2 altitudes taken in 2017 of 400 ppm (0.04%) may touch 750 ppm, according to 

predictions. Therefore, producing ecological renewable energy sources for managing carbon, 

oxidising it to release carbon dioxide, and reducing it to release valuable materials is 
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extremely difficult to offer clean energy. Because of its C-O bonds (C=O bond enthalpy in 

CO2 is + 805 kJ/mol), linear geometry, D∞h symmetry, closed-shell electronic configuration, 

and Gibbs unrestricted energy of ɅG
◦
 = -394.4 kJmol

-1
, CO2 is a chemically steady linear 

molecule [283]. Therefore, endothermic processes, which demand a large amount of energy 

input, are the most reductive transformations from a thermodynamic perspective. In fact, 

considerable energy input is needed for bond cleavage during the conversion of carbon 

dioxide to carbon-based fuels. An increase in atmospheric CO2 concentration and the major 

effects of environment change highlights the urgent need for renewable energy sources. It is 

acknowledged that one of the most interesting and promising study areas for solving 

environmental and energy issues is the solar energy convert into chemical energy by forming 

of methane, methanol, H2, etc. One of the most promising solutions in this situation is the 

chemical reduction of CO2. Dependent on the amount of transmitted electrons (2e
-
, 4e

-
, 6e

-
, 

and 8e
-
), the reduction of CO2 by chemically could result in a innumerable products, 

including carbon monoxide, HCHO, CH3OH, and methane. From an economic perspective, 

CH3OH and CH4 are the most lucrative products. The energy needed to convert CO2 can also 

come from a diversity of sources, leading to a variety of conversion processes, including 

either direct or catalyzed chemical, electrochemical, thermochemical, photochemical 

conversion and biological fixing. Surprisingly, heat or electricity is required for the operation 

of thermochemical and electrochemical conversion processes. Additionally, CO2 can be 

converted into valuable chemicals through electrochemical processes, but doing so is 

expensive and impractical on a large scale due to the electrical energy needed. The process 

efficiency is constrained by lower efficiency and electrode stability. Photo catalytically 

reduction of carbon dioxide (PCCR) is superior to traditional methods of producing 

chemicals like CH4, CO, CH3OH, HCOOH, and HCHO because of its low-cost reactant 

(water), plentiful solar energy, eco-friendly byproducts, and nil carbon emission. Because 



 

75 
 

PCCR operates at ordinary pressure and doesn't require a lot of input energy, it is a feasible 

technology. Therefore, PCCR is the most effective way to address pollution-related 

environmental issues, control global warming, and resolve the energy crisis. One of the 

straightforward and practical methods that have sparked a lot of curiosity among scientists 

and researchers is the remarkable benefit of using photocatalysis to convert CO2 into valuable 

compounds. PCCR, sometimes known as "artificial photosynthesis," is the use of a 

photocatalyst with reducing agents such water, hydrogen, and sunlight to reduce carbon 

dioxide into renewable compounds [284]. The chemical energy (energy detained in chemical 

bonds of molecule) in PCCR is simply converted using solar energy into useful compounds 

and fuels as shown in fig. 2.3.  

 

Fig. 2.3 Schematic representation of the natural and artificial photosynthetic processes 

[284] 

The most cost-effective and environmentally beneficial method for sustainable development 

appears to be the creation of solar fuel through the artificial photosynthesis process from 

CO2. Using semiconductor catalysts and light irradiation, CO2 photocatalysis converts 
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collected CO2 into chemicals and fuels. Therefore, there has been a meteoric rise in recent 

decades in the number of studies focusing on CO2 photocatalytic reduction [285]. Energy for 

this conversion might potentially come from solar power, a sustainable and carbon-free 

source (see Fig. 2.4). 

 

Fig. 2.4 Mechanism of photocatalytic reduction of CO2 into valued products [285] 

Energy-rich reactants, like metals or organometallic compounds, may be utilized via solar or 

other freely available light bases while also being better for the environment. Eq. (1) depicts a 

couple of electron-hole, where e
-
, hv, and h

+
 signify the conduction-band electron, photon 

energy, and valence-band hole, respectively. Eq. (2.15) expressions of the possibility of 

charge carriers recombining upon the surface or before the reaction with adsorbed sorts, 

releasing energy by way of heat or light, while Eq. (3) displays the energy of the band gap 

(Eg), which remains corresponding to the difference amid the energy of the conduction (Ec) 

and the valence (Ev) bands [286]. 

                                          Photocatalyst → hv e
-
 + h                                                         (2.12) 

                                                    e
- 
+ h

+ 
→ heat                                                                  (2.13) 

                                                     Eg = Ec - Ev                                                                   (2.14) 

The adsorbate species bandgap energy and potential redox levels impact the probabilities and 
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rates of electron and hole transfer procedures. Uncertainty the donor redox potential level is 

greater than the semiconductor VB site; an electron can be transferred into a vacant hole. The 

acceptors should be lower than the CB position at the same time. The reduction potentials for 

photoreduction of carbon dioxide with H2O to various NHE-related compounds at pH 7 are 

shown in Table 2.1 [287]. 

Table 2.1 The different semiconductors reduction potentials in relation to NHE at pH 7. 

 

2.3.2.1.1 The chemical transformation  

As mentioned above, the distribution of electron density over the photocatalyst determines 

whether reductants are oxidised or reduced during the photocatalytic transformation of CO2. 

When the light irradiation falls on photocatalysts, carbon dioxide can be converted into CO, 

CH4, CH3OH, CH3CH2OH and other useful chemical compounds. Exciting a photocatalyst 

with light of the right wavelength causes it to produce a photogenerated hole-electron pair. 

Carbon dioxide may be converted into sustainable hydrocarbon fuel using photogenerated 

electrons under mild reaction conditions (room temperature and pressure) (CO2 + H2O→ 

hydrocarbon + O2). Particularly crucial in photo-catalytically reduction of CO2 is the 
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construction of highly active photocatalysts. In general, photocatalysts are semiconductor 

materials containing a forbidden band, a conduction band, and a valence band. The forbidden 

band and conduction band are both essential to the catalytic activity of the catalyst. In 

contrast to the valence band, which is packed with electrons and has a lower energy level, the 

CB is frequently unoccupied and has a greater energy level. When the light energy is superior 

than or equal to the photocatalyst bandgap, positively charged photogenerated holes were 

produced in semiconductor VB, and electrons goes to the CB of semiconductor thus 

photogenerated charges are separated [288]. 

At present, metal oxides, metal nitrides, metal sulphides, layered double hydroxides (LDH), 

C3N4 composites, and other semiconductors are the most commonly reported photocatalysts 

[289]. In general, the following qualities make for a great photocatalyst: It is important that 1) 

the photocatalyst's production process is cost-effective and environmentally friendly, 2) 

photogenerated holes have a high enough oxidation potential in the valence band to oxidise 

the electron donors, and 3) photogenerated electrons have a low enough reduction potential in 

the conduction band to reduce the electron acceptor. In semiconductor aqueous suspensions, 

photochemical reduction of CO2 results in CH4 through two different reaction pathways [290, 

291]: 

                          CO2 → HCOOH → HCHO → CH3OH → CH4                                                          (2.15) 

Or else  

                                     CO2 → CO → C
.
 → CH2 → CH4                                                  (2.16) 

The particular pathways intended for converting CO2 are unclear and instead be contingent 

substantially on the reaction parameters. The following is a description of the photocatalytic 

reduction of CO2: 

                                           H2O + h
+
 → OH + H

+ 
                                                             (2.17) 

                                       2H2O + 2 h
+ 
→ H2O2 + 2H

+
                                                         (2.18) 
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                                         2H2O + 4 h
+ 
→ 4H

+
+ O2                                                            (2.19) 

The creation of the hydrogen and carbon dioxide (CO2) radicals, two essential forms of 

radicals, is caused by the transfer of electrons from the CB: 

                                                 H
+ 

+ e
- 
→ H                                                                        (2.20) 

                                              CO2 + e
-
→    

                                                                      (2.21) 

Furthermore, these radicals can combine with other hydrocarbons to produce the following 

stable compounds: 

                        Methane formation + 8.H + 8 h
+
 → CH4 + 2H2O                                      (2.22) 

                      Methanol formation + 6.H + 6 h
+
 → CH3OH + H2O                                   (2.23) 

                    Carbon monoxide formation + 2.H + 2 h
+
 → CO + H2O                               (2.24) 

                       Formic acid formation + 2.H + 2 h
+
 → HCOOH                                        (2.25) 

                 Formaldehyde formation + 4.H + 4 h
+
 → HCHO + H2O                                  (2.26) 

                   Ethanol formation + 12.H + 2 h
+
 → C2H5OH + 3H2O                                    (2.27) 

Excited electron-hole pairs have a sufficient lifetime of a few nanoseconds to stimulate redox 

processes. TiO2, silver/TiO2, iodine/TiO2, platinum/TiO2, palladium/TiO2, CeO2-TiO2, 

FeTiO3/TiO2, ZnO, Fe3O4, WO3, CdS, SnO2, ZnS and many others have all been used as 

photocatalysts in this context [292].  

2.4  Study of hydrogen production & CO2 reduction with various reported 

photocatalyst 

2.4.1 Reported Photocatalysts for Hydrogen evolution 

Using rutile TiO2 as the photocatalyst, Piotr J, Barczuk first showed the photocatalytic O2 

evolution process in 1968 [293]. Photoelectrochemical (PEC) water splitting with n-type 

TiO2 as the photoanode and platinum as the counter electrode was first demonstrated by 

Fujishima and Honda in 1972 [294]. Hydrogen generation using TiO2 as a photocatalyst 

under ultraviolet light was originally described in 1972. The results of Fujishima and Honda 
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inspired researchers to investigate photocatalysts and the potential of H2 generation in the 

existence of solar light. Metal nitrides, metal oxides, metal chalcogenides, and other 

semiconductors were used in photocatalytic water dissociation throughout the last ten years. 

This is due to the fact that semiconductors like CdS, CdSe, MoS2, etc. have CB and VB that 

are optimal for the photo-catalytically hydrogen evolution reaction and bandgap and band 

edge locations that are optimal aimed at the oxygen evolution reaction. Individual a small 

number of photocatalysts, including Ta3N5 and TaON, could demonstrate complete water 

dissociation when exposed to visible light [295]. TiO2 is a semiconductor with an enormous 

band gap (3.2 eV), with a conduction band (CB) at 0.55 eV and a valence band (VB) at 2.65 

eV. This allows H2 and O2 to be extracted from water. TiO2 is the supreme studied 

photocatalyst owing to its low environmental impact, exceptional physicochemical stability 

and low cost of raw materials and synthesis method over the past 50 years. Nonetheless, it 

has been widely used in the last decade. As a result of the high recombination rate of 

photogenerated charges, researchers are looking into coupling a second semiconductor with 

TiO2 to create heterojunctions, which facilitate the flow and separation of these charges at 

their interfaces. Doping TiO2 with various elements including nitrogen [296], Zinc oxide 

(Alamelu K. ramasami et al., 2017) [297], tungsten trioxide (Wilson Erbs et al., 1984) [298], 

iron trioxide (Fe2O3) (Lingqiao Kong et al., 2018) [299], etc. have all been described as 

photocatalysts. However, these metal oxides have unfavourable band edge potentials, which 

reduce their overall efficiency at splitting water. The voltage near the band edges only 

encourages photo oxidation and not photo reduction in these materials. It has been found that 

sulfides and nitrides can exhibit photocatalytic activity as well as metal oxides. Their 

narrower bandgap (i.e. 1.9 eV-2.3 eV) and beneficial band edge potentials make them an 

excellent choice for water splitting applications. However, they exhibit photocorrosive 

properties [300]. Recently, numerous Z-scheme photocatalysts have been employed for water 
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splitting, with the aim of avoiding the aforementioned limitations (for example, TiO2-CdS, 

ZnO-CdS, and WO3-Cu2O) [301]. Table 2.2 lists information about the various 

semiconductor photocatalysts that have been published. Among the many semiconducting 

oxides, only a select few have the narrow bandgap necessary to function as photocatalysts. 

Table 2.2 Reported semiconductor photocatalysts for the evolution of hydrogen  

Photocatalyst Co-catalyst Light source PC H2 activity Ref. 

TiO2 Rh UV light 

Irradiation 

 

3.3             

[302] 

N doped TiO2 

 

Pt 300 W Xenon lamp 

Irradiation 

 

205.8             

[303] 

S doped TiO2 

 

Pt 500 W Xenon lamp 

Irradiation 

 

2356             

[304] 

N, S doped 

TiO2 

 

Pt 500 W Xenon lamp 

Irradiation 

 

9.97             

[305] 

CdS 

 

MoS2 Visible light 

Irradiation 

 

5400             

[306] 

TiO2 nanotubes 

Pt/CdS 

Pt 300 W Xenon lamp 

Irradiation 

 

402            [307] 

Ti3CN@TiO2/ Cds 300 W Xe lamp 3393.4            [308] 
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CdS 

Ta2O5 NiO 400 W Hg lamp 

Irradiation. 

 

1154            [309] 

 

 

2.4.1.1 Complex oxide structures 

A Combination of two or more metal oxides combined to form a definite structure is called 

complex oxide structure. There are several types of complex oxide structures namely 

Perovskites, Spinels, Brownmillerites, etc reported so far. In this section we are discussing 

about the perovskites. They are reported to be useful in several applications such as ionic 

conductors, dielectrics, piezoelectrics, thermoelectrics, magnetism, multiferroics, 

photocatalysis, etc.  

2.4.1.1.1 Perovskites 

Perovskites often have the chemical formula ABX3, where A and B represent two distinct 

cations and X can be oxygen, halogen, nitrogen, etc. Perovskite oxides (ABO3), which are 

amenable to modification by varying degrees of slanting in octahedral sites, remained one of 

the greatest promising materials for photocatalytic applications because of their ability to 

alter electron-hole transport characteristics, band structures, etc. Perovskites have superior 

photocatalytic properties to those of other binary oxides because (1) They feature a greater 

variety of band edge potentials that are ideal for photocatalytic processes (in particular, a 

larger conduction band potential), and (2) their band structures can be modified by 

incorporating different cations into the A and/or B sites of their lattice [310]. Hydrogen 

evolution via water splitting is a process for which numerous perovskites materials have been 

described as photocatalysts as shown in Table. 2.3). 

Table 2.3 List of reported perovskites with different photocatalytic properties 
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Type Photocatalyst PC H2 activity Ref. 

Titanates BaTiO3 

 

CaTiO3 

 

SrTiO3 

30.8            

 

670            

 

28            

 

 

[311-313] 

Tantalates NaTaO3 

 

AgTaO3 

0.86            

 

76            

 

[314, 315] 

Niobates KNbO3 5.3            [316] 

Ferrites 

 

LaFeO3 

 

GaFeO3  

 

PrFeO3  

3315            

 

289            

 

2847            

 

[317-319] 

 

  

 

2.4.1.1.2 Titanate perovskites  

Titanate perovskites are highly reported photocatalysts due to their wider bandgap as 

well as improved conduction band potential than widely used photocatalyst TiO2 [320]. 

They are more favorable for higher electron-hole recombination rates due to their wider 

bandgap. In order to reduce the recombination rate it is necessary to use co-catalysts 

along with these photocatalysts. Among several titanates, CaTiO3 is reported to exhibit 

higher hydrogen evolution rate in presence of NiO as co-catalyst [321, 322]. It was 

enhanced by 8 times after Cu doping in its Ti site. SrTiO3 is another important 
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photocatalyst having bandgap of > 3.2 eV. Several attempts were made to improve its 

photocatalytic activity by doping Mn, Ru, Rh & Ir in its Ti site and making it Z-scheme 

photocatalyst like Rh-SrTiO3 with BiVO4, AgNbO3, WO3, etc. [323, 324]. Ag-TiO2 

photocatalyst was successfully synthesized by D. Gogoi et al. via chemical reduction 

using ascorbic acid. The band gap of doped catalyst exists 2.5 eV, which is a decrease 

from the 3.0 eV of TiO2. The EDX analysis verified that Ag was widely discrete over the 

top of the TiO2 substrate. The operative interfacial transfer of charge from TiO2 to Ag 

was demonstrated by PL and EIS, perhaps via the Ti-Ag-O bonds. Transient 

photocurrent densities of 1.16 mA cm
-2

 and 0.33 mA cm
-2

 were measured over 

1.5Ag/TiO2, respectively, demonstrating effective charge carrier separation. With the 

presence of 0.1 N Na2SO3 and 0.1 N Na2S sacrificial reagents (SR), over 1.5Ag/TiO2, the 

highest H2 evolution rate of 23.5            
was observed, with a superficial quantum 

yield of 19%. When compared to other alcohols used as SRs, ethanol produced the 

highest evolution of H2 rate (1251          ) [325]. The detriments of these titanate 

perovskites are that they indicate higher photocatalytic efficiency under UV irradiation 

than visible light irradiation, expensive co-catalysts and preparation methods. Niobates 

and Tantalates are also highly reported wider bandgap photocatalysts. When exposed to 

UV light rather than visible light, they become more active. Recently, solid solution of 

KNbO3-BaNiNbO3 perovskites showed ferro electricity as well as photocatalytic 

properties. Doping several elements in NaTaO3 such as La-N and La-Fe improved its 

photocatalytic activity. The disadvantages of these perovskites are expensive preparation 

methods, availability, and expensive co-catalysts. Among all, iron-based perovskites are 

earth-abundant, inexpensive photocatalysts having narrower bandgap. Several iron based 

perovskites such as LaFeO3, BiFeO3, GaFeO3, etc are reported as photocatalysts for H2 

evolution as well as organic contaminants removal. LaFeO3 is one of the highly reported 
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photocatalyst than other ferrite perovskites for hydrogen evolution and organic pollutants 

removal [326-330]. 

2.4.1.1.3 Lanthanum ferrite - LaFeO3 

LaFeO3 Due to its lower bandgap and appropriate band-edge potentials, LaFeO3 is a well-

known perovskite photocatalyst. It degrades dyes in the presence of light and can even 

generate hydrogen. When compared to other complex oxide photocatalysts, however, its 

efficiency as a photocatalyst is found to be lower. Higher valence band potential and lower 

conduction band potential were discovered to be to blame for this phenomenon, along with 

the recombination of couples of e
-
 and h

+
 throughout the reaction. It was discovered that 

during photocatalytic processes, point defects in the parent crystal serve as recombination 

barriers. LaFeO3, like other perovskites, can have desirable elements doped into it to improve 

its properties. 

Doping LaFeO3 with an aliovalent cation causes the creation of structural defects and the 

stabilization of various valence states of Fe. A similar charge imbalance can be produced by 

doping the Fe site with a cation of lower valence [331]. 

As the number of dopant ions increases, the valence state of Fe shifts from Fe
3+

 to Fe
4+

, and 

oxygen vacancies form. Doping of LaFeO3 with various elements has been tried on multiple 

occasions in an effort to boost its photocatalytic performance. 

2.4.1.2  Heterojunction  

A wide range of visible light active single photocatalysts are available, but they still lack 

better photocatalytic performance due to charge carrier recombination during surface redox 

reactions. This problem of charge recombination needed to be resolved for further 

improvement in performance of semiconductor photocatalysts. Various tactics have been 

envisioned by researchers for effective split-up of photoinduced e
-
 h

+
 pairs, such as metal 

nanoparticles loading or surface plasmon resonance (SPR) result, co-catalyst deposition 
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and/or introducing heterojunctions. Among these strategies, heterojunction formation in 

photocatalysts was found to be more promising for the spatial separation of charge carriers. 

This was clearly demonstrated by Yu et al. with the analogy of a guy being affected by 

gravity when he leaps from the ground as shown if fig. 2.5. The man (electron) will quickly 

drop back on the ground (merge back with the hole) because of the effect of gravitational pull 

(Coulombic strength between the electron and the hole) when he jumps from the ground (VB) 

into the air (CB). When a chair (the CB of semiconductor B) is made available, the man can 

repeatedly land on it without touching the floor, enabling photo-generated electron-hole pairs 

to be separated [332]. 

 

 

Fig. 2.5 Diagram depicting (a) the effect of gravity on a man who leaps off a building, 

(b) e
-
 h

+
 recombination on a single photocatalyst, (c) a man using a stool to hold himself 
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upright, and (d) e
-
 h

+
 separation on a heterojunction photocatalyst 

Typically, following type of heterojunctions were extremely investigated for efficient 

suppression of e
–
 h

+
 recombination to enrich the activity of photocatalysts. These stand direct 

Z-scheme heterojunctions, semiconductor–graphene/g-C3N4 heterojunctions and p–n 

heterojunctions. Recently, an Ag-bridged heterojunction of Bi5FeTi3O15 with g-C3N4 was 

reported to exhibit enhanced photocatalysis for tetracycline degradation [333]. 

Semiconductors of p- and n-type are highly recommended for heterojunction creation as it 

was observed in photovoltaic cells that p-n diode structures had shown greatly enhanced 

photocatalytic performance.  

2.4.1.2.1 The P-N Junction Construction Process   

Charge separation can be improved by mixing p-type and n-type semiconductors to create a 

p-n junction. As "n" refers to the negative, and "e
-
" is the primary electrical conductor, this 

makes sense. Donor impurities, which can supply conducting electrons, make up the bulk of 

N-type semiconductors. Semiconductors, also known as electronic semiconductors, rely 

heavily on electrons to conduct electricity; since "P" denotes a positive charge, the h
+
 ions 

that play the most significant role in the conduction of electricity are the primary electron 

carriers in semiconductors. The acceptor impurities are the primary building blocks of P-type 

semiconductors. Semiconductors, often known as hole semiconductors, are characterized by 

the presence of numerous hollow hole carriers. There are only few electrons and holes at the 

p-n junction as shown in fig.2.6. The holes that exist will diffuse to the n-region from the p-

region. In fact, electrons will flow to the p-region from the n-region via diffusion. As a result 

of the diffusion process, a coating of negatively charged particles forms in p field, while a 

coating of positively exciting particles forms in n field. Because of this, a strong local electric 

field is generated in the p-n junction, with the direction of the field being from n to p. It is 

simple to create n- or p-type semiconductors by combining the two. The p-type results from 
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an additional electron vacancy left over after the two elements combine, while the n-type 

results from a residual hole. Combinations of p-type elements include C, N, P, As, Sb, and 

Ge; n-type elements include B, Al, Ga, Si, and Ge. ZnO, TiO2, PbS, etc. are all examples of 

n-type semiconductors, while NiO, Cu2O, Co3O4, CdTe, etc. are all examples of p-type 

semiconductors. When n-type and p-type semiconductors are connected, p-n junctions are 

created. When exposed to light, electrons typically move from the p-type conductor base 

(CB) to the n-type conductor's base (VB), and holes travel in the opposite direction. The 

resulting photocatalytic activity is quite strong due to the p-n junction ability to further 

improve charge separation [334-336]. 

 

Fig.2.6 Diagrammatic representation of p-n junction construction process [336] 

The Co(OH)2/ZnCr LDH "p-n" heterojunction for H2 and O2 was created by using a water 

electrolysis application. The overall productivity of water splitting by photocatalysis is 

enhanced in this composite [337]. Wang et al. reported overall performance of Cu2O@ZnCr-

LDH in water splitting (H2 and O2). ZnCr-(LDH) was added to pure Cu2O to boost its 

photocatalytic overall water splitting activity [338]. Since water splitting requires more 

energy, it is challenging for a single photocatalyst to accomplish it. 

2.4.1.3 Bismuth-based semiconductors  

Bismuth there is a new, promising family of photocatalysts that are bismuth based and driven 
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by visible light. Bismuth oxides, bismuth-containing bi-metal oxides, and bismuth-based 

sulphides are only a few of the bismuth-based compounds that have been synthesized and 

studied as photocatalysts. Such compounds include pentavalent bismuthates, (BiO)2CO3, 

BiPO4, BiVO4, Bi2O3, Bi2S3, BiOX (where X denotes I, Br and Cl), Bi2MO6 (M = Mo, W and 

Cr) [339]. Bi-based semiconductors have an additional complex electronic structure in the 

valence band due to the presence of hybrid orbitals of O 2p and Bi 6s, as opposed to merely 

the O 2p orbital found in metal oxides like WO3, ZnO, TiO2, etc. Band gaps should be 

smaller than 3.0 eV, equivalent to excitation energies of visible light with wavelengths larger 

than 415 nm; have been reported to be made possible by the well-dispersed Bi 6s orbital. 

Bismuth-based photocatalysts have received countless consideration over previous decades 

owing to its high efficiency in the incidence of visible light. The band gaps of the various 

polymorphs of Bi2O3 (monoclinic, tetragonal, gamma, delta, and omega tetragonal, cubic, 

face-centered cubic, and triclinic) lies in the series of 2.1 eV to 2.8 eV. It is possible to couple 

Bi2O3 to other semiconductors using a precipitation process, a hydrothermal process, or a 

solid-state reaction. Because of Bi2O3 high light-harvesting efficiency, the resulting 

composite materials reacted to visible light. Heterojunctions formed between Bi2O3 and other 

photocatalysts with higher CB locations, such as TiO2, ZnO, AgI, and g-C3N4, showed 

markedly increased the generation of hydrogen by photocatalytic efficiency [340]. Increased 

photo-induced charge separation in the air-stable MA3Bi2I9/DMA3BiI6 perovskite 

heterostructure has been found to have evolution of H2 in aqueous hydrogen iodide solution 

under illumination of visible light via photocatalytic process. By applying 100 mW cm
-2

 of 

visible-light (420 nm) irradiation, MA3Bi2I9/DMA3BiI6 heterostructure composite (BBP-5) in 

powdered form exhibited the evolution of hydrogen rate of 198.2            [341]. For the 

evolution of hydrogen below visible-light irradiation (> 420 nm),  an advanced catalyst of g-

C3N4/Bi4NbO8Cl fabricated on a simple great-energies ball-milling technique, between the 
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two phases a close high efficiency Z-scheme interface is formed to evaluate hydrogen at a 

rate of 0.57            under illumination of visible light [342]. CdS nanoparticles evenly 

scattered on BiVO4 nanosheet significantly enhanced photo-catalytically performance. The 

rate of evolution of hydrogen by photo catalytically can be raised to 1853.33            

[343]. All of these heterojunctions involving bismuth-based photocatalysts follow the Z-

scheme. In the presence of 500 W xenon lamp irradiation, Wang reported firstly that the rate 

of photo-catalytically splitting of water for the evolution of hydrogen over Pt loaded 

Bi0.5Na0.5TiO3 had achieved 325.4            [344]. 

2.4.1.4 Hydrogen-generation heterojunction photocatalysts based on sulfide 

Metal sulphides and bimetal sulphides predominate semiconductor photocatalysts mostly in 

sulfide-based. Metal sulphide semiconductors contain metal cations with electron 

configurations of d
0
, d

5
, and d

10
. Metal sulphides have a considerable reduction capacity to 

water because their valence band locations are developed than those of metal oxides (S 3p 

orbit is greater than O 2p), and their CB fall into the negative potential range. 

For photocatalytic hydrogen generation, CdS and ZnIn2S4 have been extensively explored 

owing to their highly visible light responsiveness and substantial electron reduction control, 

respectively. CdS and ZnIn2S4 have valence bands of 1.88 eV and conduction bands of 0.52 

eV, while those of CdS and ZnIn2S3 are 1.45 eV and 0.52 eV, respectively. Heterojunction 

formation of these two semiconductors with other semiconductors is crucial for enhancing 

photocatalytic hydrogen generation. Under visible light irradiation, the evolution of hydrogen 

rate over CdS@CdxZn1-xS (5.17           ) is 12.3 folders of CdS core-shell, which 

could be assigned to the efficient charge separation [345]. In addition, CdS-based 

heterojunction photocatalyst worked effectively when paired with a precious metal and 

graphene in a single system. Hydrothermal annealing of CdS/ZnS heterostructure on rGO, 

monitored by in-situ installation of Au nanoparticles. The noteworthy photocatalytic 
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evolution of H2 rate of 9.96            under visible-light illumination is achieved by the 

Au-CdS/ZnS-rGO composite due to the efficient split-up and transmission of photogenerated 

electrons and holes thanks to the strong electron capture ability of Au and the electron 

transfer ability of graphene [346]. 

Zinc indium sulfide composites with g-C3N4, MoS2, and Cu3P are the reported heterojunctions 

with the best photocatalytic evolution of hydrogen performance utilizing ZnIn2S4 as host, 

with productivities of 7740, 3891.6 and 2561.1           , correspondingly. The 

extraordinary photocatalytic efficiency of such heterostructure to produce hydrogen may be 

ascribed to the increased segregation of photogenerated holes and electrons [347]. When a 

CuInS2/ZnIn2S4 2D/2D heterojunction composite photocatalyst is constructed with CuInS2 

wt% of 5, heterojunction apparent quantum efficiency extents 12.4% at 420 nm, resulting in 

the highest H2 evolution rate of 3430.2            [348].  The MoSe2/ZnIn2S4 hierarchical 

heterojunction had greater photocatalytic activity for the evolution of H2 rate of 1226 

           [349]. The photoactivity remained traced back to a heterojunction between 

ZnIn2S4 and MoSe2, with MoSe2 playing both a catalytic role in the evolution of H2 reaction 

and by way of an electron storage site. 

Light irradiation with the wavelength of 420 nm, 3 wt% of MWCNTs/ZnIn2S4 composite 

touches its highest photocatalytic evolution of hydrogen efficiency of 684            

[350]. This corresponds to an apparent quantum efficiency of 23.3%. This was achieved by 

adopting a facile hydrothermal procedure to prepare MWCNTs and ZnIn2S4 composites for 

hydrogen photocatalysis. ZnIn2S4 nanosheets with sulphur vacancies containing 0.9 wt% of 

Ni single atoms have a photocatalytic hydrogen generation rate 89.4            which is 

5.7 times greater than that of pure ZnIn2S4 [351]. When the loading concentration was 

increased of single atom Ni (2.85 wt%) on CdS nanorods, the photo catalytically  evolution 

of hydrogen rate was greatly increased up to 630.1            under the illumination of 
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visible light [352]. Akyuz et al. investigated the efficiency of RGO-Cd0.60Zn0.40S composite 

as a photocatalyst and photoelectrocatalyst for hydrogen evolution [353]. Photocatalysts 

doped with heteroatom demonstrated higher visible-light photoactivity than undoped ones 

because of the effect of charge split-up and relocation in the PC and PEC system. The 

greatest photocurrent was found to be generated by the N-RGO-Cd0.60Zn0.40S photocatalyst 

among the entire heteroatom doped nanocomposite in the absence of a bias voltage and the 

photocatalytic evolution of hydrogen rate (1114           1
) with 17.8% QE [354]. Lin et 

al. studied full spectrum-active photocatalytic H2 evolution of single photocatalyst CuWO4 

[355]. The results show an enhanced hydrogen evolution rate. 

2.4.1.5 Reported metal nitrides based photocatalyst for H2 production 

Nitrides have attracted more attention in the photocatalytic research area and are seen as the 

best potential applicants for the conversion of solar energy because of their extensive visible 

light absorption, appropriate CB and VB spot, and exceptional photostability due to their 

much smaller bandgaps (e.g. Ta3N5 2.1 eV) than comparable oxides (e.g. Ta2O5 5.1 eV). 

Because of the appropriate fine band gap range lie around 2.1 eV, appropriate CB (0.7 eV in 

V VS. NHE), and VB (1.3 eV in V VS. NHE) sites, tantalum nitride (Ta3N5) have been the 

focus of widespread research in the field of photocatalysis or photocatalysis for the 

production of green renewable energy like evolution of hydrogen from solar energy. 

N doping in Ta2O5 was investigated by W. S. Liu et al., and they found that annealing Ta2O5 

powdered in NH3 for 1 hour at 600-700 °C was the most effective method [356]. N-Ta2O5 

(700) underwent partial transformation to Ta3N5 and underwent a complete transformation to 

Ta3N5 after being annealed at 800 °C for 6 hours. Raman spectroscopy, X-ray photoelectron 

spectroscopy, X-ray diffraction and X-ray absorption spectroscopy all point to a preferred 

surface substitution of nitrogen for oxygen in Ta2O5. H2 production from H2O splitting is 

increased by nitrogen doping in Ta2O5, which under sun irradiation causes oxygen vacancies 
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to develop and reduces the band gap. As a charge carrier recombination center, Ta3N5 reduces 

the photocatalytic activity of the material. N-Ta2O5 (650) has the highest H2 evolution 

compared to other N-Ta2O5 samples due to its higher nitrogen doping and lack of Ta3N5 

presence. For the first time, Xiao et al. have used a simple technique to produce a 

MoS2/Ta3N5 heterostructure with a 2D hierarchical structure. The photocatalytic evolution of 

hydrogen from H2O by using the MoS2/Ta3N5 heterostructure existed be quite efficient, with 

an hydrogen rate of generation of 119.4            with MoS2 and wt% is 5.2, which is  

similarity with the performance nanosheets of Ta3N5 by using Pt as cocatalysts [357]. The 

excellent photocatalytic production of H2 is due to the compatible band structure of 

MoS2/Ta3N5, which reduces charge recombination and promotes charge transfer amid MoS2 

and Ta3N5. Towards highly efficient photocatalytic applications, we anticipate the fabrication 

of precious metal free photocatalytic systems with broad visible light absorption and 2D 

hierarchical nanostructures determination is productive.  

Nanoparticles of Ta3N5 coupled with new functional semiconductors to produce 

multicomponent heterostructure have been demonstrated to considerably enhance charge 

carrier immigration and endorse photocatalytic activities in numerous studies. The 

Ta3N5/W18O49 nanocomposite fiber, for instance, has been shown to have exceptional 

photocatalytic performance, and Jones et al. published an ascendable Solvothermal process to 

synthesize this material [358]. A new Ta3N5/g-C3N4 heterojunction with enriched 

photocatalytic activity was produced by Jiang et al. [359]. BaMg1/3Ta2/3O3-XNy/Ta3N5 

heterostructure photocatalysts with excellent charge migration and separation capacity were 

developed by Cui et al. by single-pot nitridation approach [360]. Taking cues from the 

research that has come before it, creating a core-shell heterojunction with a Ta3N5 core could 

be a workable method since it provides a larger contact area and more efficient charge 

transfer while also shielding Ta3N5 from photo-corrosion. 
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Because of its promising applications in photocatalysis particularly hydrogen generation, 

photodegradation, and photoreduction zinc indium sulphide (ZnIn2S4) has received attention 

from researchers all over the world. The favorable band edge potentials and exceptional 

photostability of ZnIn2S4 have led to its widespread acceptance as a promising shell material 

with a low bandgap (about 2.4 eV). Core-shell structures, such as carbon nanofiber@ZnIn2S4, 

TiO2@ZnIn2S4, WO3/ZnIn2S4, and ZnIn2S4/In(OH)3, fall under this category [361, 362]. 

Using a one-pot environmentally friendly hydrothermal technique, Xiao et al. developed an 

innovative twofold-functional ZnIn2S4/Ta3N5 (ZIS/TN) nanocomposite with close 

connections. Increased visible light gathering capacity, advanced definite surface areas, 

further high-speed charge nanochannels, and quicker charge transmission and separation are 

all shown for a core/shell heterojunction composed of ZnIn2S4 nanosheets and Ta3N5 

nanoparticles. As such, the ZIS/TN nanocomposite in its as-prepared state showed 

dramatically enhanced dual-functional photocatalytic efficiency in producing hydrogen and 

photodegrading tetracycline hydrochloride (TCH). The result was an increase in H2 

production activity from the pure ZnIn2S4 nanosheet sample by 6.07 times, to 834.86 

          . In addition, ZIS/TN-3 sample is 1.90 folds as effective as bare ZnIn2S4 and 

11.01 times as effective as bare Ta3N5 at photodegrading TCH. In addition, the exterior 

ZnIn2S4 coating prevents the photocorrosion of the Ta3N5 core, making core/shell 

heterojunction extremely photostability and reusability [363]. 

Jia et al. have developed a novel type II hetero-structured photocatalyst (designated as 

Ta3N5/STON) by nitriding 1D Sr2KTa5O15 (SKTO) nanorods in a single step to create one 

dimensional of Ta3N5 nanorods and zero dimensional nanoparticles of SrTaO2N (STON). 

Under visible light irradiation, Ta3N5/STON (1D/0D) heterojunctions produce hydrogen at a 

rate (77.31           ) that is 386.6, 11.9            and 8.8 folds greater, respectively, 

as comparison to pure Ta3N5, STON, and a Ta3N5/STON (mix) composite [364]. 
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Significantly increased hydrogen evolution rate may be attributed to the unusual one 

dimensional/zero dimensional structure in Ta3N5/STON heterojunction and the close 

interface contact among Ta3N5 and SrTaO2N. Solar H2 generation from water is already 

rather efficient, Ta3N5/BaTaO2N heterojunction using 1D Ta3N5 nanorods and BaTaO2N 

nanoparticles, which showed a substantial drop in the recombination rate of photogenerated 

carriers [365]. Zhao et al. showed that Mg doping Ta3N5 hollow spherical shape boosts 

electron mobility for easier charge transfer and minimizes the charge migration distance 

[366]. Double co-catalysts (Pt/CoOx) for redox reactions are placed onto the porous Ta3N5 

structure to diminish surface recombination and accelerate the slothful surface reaction. 

Ta3N5 photocatalysts with a hollow structure, Mg
2+

 doping, an MgO interfacial coating, and 

double co-catalysts show remarkable improvement in charge separation and transfer. Zhan et 

al. designed two dimensional nanosheets of Ta3N5/ReS2 van der Waals heterojunction 

photocatalysts by combining solution-adsorption and template-assisted techniques. The 

resulting heterojunctions have more reaction sites enabling hydrogen evolution, superior light 

absorption, and higher interfacial charge transmission. As such, they offer an extraordinary 

photocatalytic evolution of hydrogen yield of 615          , which was three to twelve 

times greater as compared to pristine nanosheet of Ta3N5 and ReS2, respectively [367]. A 

novel nanocomposite photocatalyst CdIn2S4/Ta3N5 (CIS/TN) well successfully synthesised by 

utilising the straightforward in-situ hydrothermal method, in which the CdIn2S4 nano-

octahedral are securely connected on the Ta3N5 nanoparticles surface for the formation of the 

core-shell heterostructure. Synthesized CIS/TN heterostructure exhibited excellent 

photocatalytic capabilities for both evolution of hydrogen and degradation of Methyl Orange. 

The CIS/TN heterostructure clearly outperformed pure CdIn2S4 in photocatalytic activities, by 

CIS/TN3 sample containing 3 wt percentage of Ta3N5 producing 122.6           , or 

nearly 2.43 fold as much H2 like CdIn2S4 nanooctahedra [368]. In addition, its rate constant 
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was 2.79 times greater than that of pure CdIn2S4, making it the most efficient material for 

MO photodegradation. Higher quantum yield and efficiency may be attributable to the 

intimate heterogeneous interface and effective relocation of photoinduced charge carriers 

among the broad spectral adsorption region.  

The photocatalytic water reduction activity of MgZr-co-doped single-crystalline Ta3N5 

(Ta3N5: Mg+Zr) nanoparticles was 45 folds more than pristine Ta3N5 under visible light, as 

reported by Xiao et al. synthesized the nanoparticles using a fast NH3 nitridation process 

[369]. Defect species like reduce Ta, oxygen impurities and nitrogen vacancies, were 

connected to surface features, transmission of charge carrier, and photo-catalytically 

performance. It is evident that the co-doping tuning of defects and the concurrent 

optimisation of surface features are responsible for the large concentrations of prolonged 

electrons in this material, as they permit proficient relocation of these electrons to evenly 

allocate on the surface of Pt sites. The photocatalytic activity was greatly enhanced by these 

modifications. The Z-scheme Ta3N5-WO2.72 heterojunction film photo catalyst was fabricated 

for improved H2 generation through atomic layer deposition and sol-gel procedures. Atomic 

layer deposition method used to deposit Ta3N5 onto a Si wafer with a WO2.72 sol coating. Six 

hours of illumination with a cut-off filter (lambda > 420 nm) from a 150 W Xe lamp resulted 

in 13.2            evolution of hydrogen from a Ta3N5 layer deposited on a bare Si wafer. 

There was a notable growth in H2 yield (31.9           ) from the straight Z-scheme 

Ta3N5-WO2.72 heterojunction film compared to other films. Atomic layer deposition method 

used for Pt nanoparticles coating on the heterojunction sheet of Ta3N5-WO2.72 increased its 

efficiency upto 46.4%. Furthermore, direct Z-scheme of Ta3N5-WO2.72 heterojunction film 

produced 18 folds more hydrogen than a Ta3N5-WO3 liquid-state system. Generating 3072.5 

           yield of hydrogen evolution was attained thru Pt nanoparticle-coated Ta3N5-

WO2.72 heterojunction film in the absence of the 420 nm cut-off filter [370]. A recent study, 
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Zhan et al. defined the rational design of one dimensional Ta3N5 or two dimensional MoSe2 

(TN/MS) heterojunction photocatalysts, in which MoSe2 nanosheets, resembling silk, are 

firmly and consistently fastened to the surfaces of Ta3N5 nanofibers. The optimized 

nanocomposites outperform recently reported Ta3N5 based photocatalysts in terms of 

photocatalytic evolution of hydrogen activity (811.74          ), indicating their potential 

for real-world applications. Experiments and theoretical calculations confirm that 

heterojunction engineering among two dimensional MoSe2 and one dimensional Ta3N5 is 

responsible for the enhanced photocatalytic activity compared to TN/MS heterojunction 

photocatalysts, and that this improvement is primarily attributable to enhanced increased 

reaction kinetics, light absorption, and promoted carrier separation [371]. 

The synthesis of a novel mixed cobalt nitrides and Ta2N bifunction-modified Ta3N5 

nanosheet photocatalyst by performing an ammonolysis of Ta3N5@Ta2O5 nanoparticles 

adsorbed on Co
2+

/Co
3+

 at elevated temperatures. Ta3N5 structural, electrical, optical, and 

photoelectrochemical performances were studied in depth to determine the impact of Co2 

or/and Co3 altering. The optical absorption of band gap at the amplified heterojunction edges 

of Ta2N/Ta3N5 or CoxN/Ta3N5 was what allowed co-modifying to improve absorption over 

the whole visible spectrum. The crystallization of Ta3N5 was stymied by a twofold 

modification with Co
2+

 and Co
3+

. Co elements were uniformly distributed on the surface of 

Ta3N5, prominent to a larger number of surface active sites. Co3 was critical in determining 

the relative proportions of Ta2N and Co5.47N modifiers. Ta3N5 charge carrier separation, 

hydrogen evolution reaction overpotential, and oxygen evolution reaction overpotential were 

all successfully improved by the synergistic impact of Co2/Co3 dual-modifying, prominent to 

a development in the material photocatalytic evolution of H2 activity. The photocatalytic 

evolution of H2 activity of 1.5%Co2/1.5%Co3-TN under irradiation of visible light was found 

to be 348% more than that of Ta3N5@Ta2O5 nanoparticles (75.69           ) [372]. Zeng 
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et al. reported the successful fabrication of a new SrTaO2N/Ta3N5 hetero-structured 

photocatalyst by using a Sr2Ta2O7/Ta2N5 precursor and flow of ammonia gas. Despite the 

optimized heterostructure SrTaO2N (0.1)/Ta3N5 photocatalytic hydrogen production being 

roughly 14.1 folds greater as comparison to that of individual SrTaO2N, the synthesized 

SrTaO2N/Ta3N5 heterojunction is type-II category with an close interface contact. The 

experimental evidence suggests that the increased hydrogen generation rate results from the 

construction of type-II heterostructure and close interface contact amid Ta3N5 and SrTaO2N 

under irradiation of visible light. Besides, we emphasize the potential of one-pot nitridation 

as a general technique for designing and constructing supplementary sorts of high-efficiency 

tantalum oxynitride-based hetero-structured photocatalysts. Visible light was castoff to 

implement the photocatalytic reaction. Pure SrTaO2N produced 1.26            of 

hydrogen, SrTaO2N (0.05)/Ta3N5 produced 11.82          , SrTaO2N (0.1)/Ta3N5 

produced 19.07          , and SrTaO2N (0.2)/Ta3N5 produced 4.90          , whereas 

Ta3N5 produced negligible amounts of hydrogen. Since the performance of SrTaO2N 

(0.1)/Ta3N5 was nearly 15.1 folds that of pure SrTaO2N, this suggests that the heterostructure 

has contributed significantly to the improvement of photocatalytic activity [373].  

Two-dimensional mesoporous Ta3N5 was synthesized by using a straightforward sol-gel 

technique and a biological prototype of filter paper subjected to a series of vacuum nitriding 

processes. Ta3N5 has an extensive light response range, even the nearby infrared (NIR) 

region, because N2 vacancies are produced when N
3-

 anions are exchanged for O
2-

 anions 

throughout vacuum nitridation. Despite its small bandgap (1.99 eV), water splitting can still 

be accomplished if the redox potential is met. Compared to Ta2O5 and partially nitride Ta2O5 

(N-Ta2O5), the experimentally observed evolution of hydrogen rate of the Ta3N5 

photocatalyst is 34.6            [374]. The material photocatalytic act is enriched, and its 

band structure is optimised by the replacement of N
3-

 for O
2-

 anions. Zhan et al. proposed 
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new core-shell nanofibers heterojunction photocatalyst Ta3N5/ZnO prepared through electro-

spinning process and atomic layer deposition for enhancing photocatalytic evolution of H2 

activity. Incorporating nanostructure engineering and heterojunction led to the bigger reaction 

sites and increased charge transfer responsible for the superior photocatalytic bustle of the 

hybrid Ta3N5/ZnO sample. The optimized Ta3N5/ZnO-150 composite photocatalyst beat even 

the most Ta3N5 based photocatalysts reported to date with a photocatalytic evolution of  

hydrogen activity of 1193.75            [375]. 

2.4.1.6 Polymer 

Truc et al. were able to boost the photocatalytic activity or separation proficiency of electron-

hole by using PTh and PANI conducting polymers as sensitizers of Ta3N5 photocatalyst by 

decreasing the high recombination rates of photo-excited electrons and holes. This means that 

the Ta3N5/polymers exhibit a new photocatalytic bustle for complete electrolysis of water to 

create hydrogen and oxygen under irradiation of visible light. We also looked at whether or 

not the Ta3N5 photocatalysts were protected from self-photocorrosion by the polymers used. 

Because of the higher electric conductivity of the PANI, the Ta3N5/PANI produced more 

hydrogen and oxygen from H2O electrolysis than the Ta3N5/PTh. Truc et al. also synthesised 

Nb-Ta3N5/PPy photocatalyst for overall photocatalytic electrolysis of water to produce 

hydrogen and oxygen and shown to have very great photocatalytic activity even under the 

irradiation of visible light. Narrowing the band gap energy of Ta3N5 thanks to the 

incorporation of Nb dopant boosted the separation efficacy of electron-hole pair, reduced the 

likelihood of recombination of produced electrons and holes, and lengthened the period of the 

latter. The   conjugated system of electron in PPy behaves as protector to increase the 

separation efficacy of electron hole of the modified Ta3N5 photocatalysts by encouraging the 

relocation of the produced electrons and holes on the surface and reducing their 

recombination. This was achieved by the combination of the valence and conduction bands of 
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Nb-Ta3N5, forming a hybrid system. Therefore, the synthesised Nb- Ta3N5/PPy produced 

abundance couples of electron-hole, even in the occurrence of visible light, which took part 

throughout the reaction with H2O to generate sufficient amounts of hydrogen and oxygen 

[376, 377]. Core-shell structure of Ta3N5@polyaniline was fabricated by Niu et al. via a 

chemisorption technique. Photocatalytic bustle and properties such as optical, microstructure, 

and photoelectrochemical, were investigated as a function of PANI concentration. 

Subsequently the adsorption manners, PANI were efficiently coated on the surface of Ta3N5 

with close contact, significantly enhancing its photocatalytic activity. The photocatalytic 

activity was very sensitive to the PANI shell thickness. Ta3N5@PANI2 outperformed Ta3N5 

alone in both the visible light photocatalytic evolution of H2 and the RhB degradation ratio, 

with the former being 3.2 and the latter being 16.6 times faster, respectively. Ta3N5@PANI 

showed remarkable results in terms of photostability and reusability [378].  

Table 2.4 Carbon based photocatalyst for photocatalytic H2 evolution (PCHE) 

Photocatal

ysts 

Metho

d 

Sacrifi

cial 

Agent 

Light 

intensit

y 

PC  

parameters 

PCHE rate 

 

Stabilit

y 

AQE 

% 

PEC 

system 

parameter 

Photocurre

nt 

Elect

rolyte 

Ref. 

N-rGO600 Pyrolys

is 

Na2S/N

a2SO3 

500 W 

Xe 

lamp 

0.96 

           

6 h  7 mAcm
-2

 Na2S

O4 

[379] 

B-rGO1000 Pyrolys

is 

Na2S/N

a2SO3 

500 W 

Xe 

lamp 

1.00 

           

6 h  12 mAcm
-2

 Na2S

O4 

[380] 

P-doped Pyrolys Trietha 1.3 3.96 23 h  - - [381] 
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graphene(P

t-(P)G-4) 

is nolami

ne 

(TEA) 

W/m
2
            

C, P-doped 

g-C3N4 

Hydrot

hermal 

Trietha

nolami

ne 

TEOA 

300 W 

Xe 

lamp 

74.7 

           

10 h 2.14 9 mAcm
-2

 Na2S

O4/T

EOA 

[382] 

GrapheneZ

n0.5Cd0.5S 

Hydrot

hermal 

Na2S/N

a2SO3 

140 

mWcm
-

2
 

53 

           

12 h 19.8 0.08  

mA 

cm
-2

 

Na2S

O4 

[383] 

RGO-

Cd0.60Zn0.

40S 

Solvoth

ermal 

Na2S/N

a2SO3 

Solar 

Simulat

or 

(1000 

Wm
-2

) 

65

            

72 h 8.50 0.35  

mAcm
-2

 

Na2S/

Na2S

O3 

[384] 

N-RGO-

Cd0.60Zn0.

40S 

Solvoth

ermal 

Na2S/N

a2SO3 

Solar 

Simulat

or 

(1000 

Wm
-2

) 

78

            

72h 17.87 0.92  

mAcm
-2

 

Na2S/

Na2S

O3 

[385] 

 

2.4.2 Photocatalyst for PC CO2 Reduction earlier study  

2.4.2.1  Metal halide perovskites 

Because of its cost-effective, production volume at large scale, widespread optical absorption 

range, and extended diffusion lengths of electron-hole pairs, MHPs have swiftly risen to 
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prominence as one of the most promising photovoltaic materials. Materials based on MHPs 

stand out from other semiconductor nanocrystals due to their extraordinary extinction 

coefficient, emission of narrow band gas, and elongated carrier diffusion length. In addition, 

the energy band of MHPs can be tuned to optimize light capture thanks to the wide diversity 

of MHP architectures. Interest in MHPs as semiconductor materials has expanded beyond 

solar cells to include applications in photocatalysis for the production of hydrogen (H2), the 

reduction of carbon dioxide, the deprivation of organic pollutants and even chemical 

synthesis. Photocatalytic H2 production by visible light stimulation has been achieved, for 

instance, with methylammonium lead iodide (MAPbI3), as demonstrated by Park et al. [386]. 

Xu et al. synthesised CsPbBr3/GO composite for photocatalytic reduction of CO2, increasing 

attention has been given to MHP based photocatalysts for the reduction of CO2 [387]. 

Wang et al. synthesised highly stable co-doped CsPbBr3/Cs4PbBr6 nanocomposite in aqueous 

solution protected with hexafluorobutyl methacrylate (HFBMA). Photocatalytic CO2 

reduction with a yield of 11.95            in an aqueous medium was also achieved by Co 

doping CsPbBr3/Cs4PbBr6 to form surface trap positions and increase the separation of 

charge. The findings demonstrate the water-tolerant features of Co-doped MHPs, which may 

pave the way for their use as photocatalysts in real-world artificial photosynthesis. 

Afterwards, they built the co-doped CsPbBr3/Cs4PbBr6 nanocomposites as photocatalysts to 

accomplish the photo-conversion of CO2 and methanol oxidation into formic acid 

concurrently, with a high production of carbon monoxide at 122.3            [388]. 

The  complexes of [Ni (terpy) 2]
2+ 

(Ni (tpy)) onto the perovskite to increase the number of 

active sites to internment electrons for the separation of electron-hole in nanocomposites of 

CsPbBr3, optimized CsPbBr3-Ni (tpy) photocatalysts demonstrated outstanding efficiency in 

converting CO2 to CO and CH4 at 431            [389]. Xiao et al. decorated CsPbBr3 

with MXene (Ti3C2Tx) nanosheet and it shown high efficiency of CO2 photoreduction after a 
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Schottky heterojunction was formed between CsPbBr3 nanocrystals (NCs) and MXene 

nanosheets using an in situ growth strategy. High production rates for CO and CH4 were 

shown for the ideal composite of CsPbBr3/MXene, with values of 26.32 and 

7.25          , respectively, demonstrating that photoinduced electrons in CsPbBr3 NCs 

could migrate electrons to MXene nanosheets. For photocatalytic CO2 reduction, used a self-

assembling technique to produce a Ti3C2/CsPbBr3 quantum dot hybrid, with methane and 

carbon monoxide production rate of 19.31 and 17.98           , correspondingly [390]. 

Quantum dots of Inorganic halide Perovskite (FAPbBr3) above sheet-like Ti3C obtain a yield 

of CO rate with the value of 283.41           , thanks to the Schottky interaction of the 

FAPbBr3/Ti3C2 composites improving photogenerated separation and migration of charge 

carrier [391]. Chen et al. employed a photocatalyst composed of CsPbBr3@-g-C3N4 to reduce 

CO2 in ethyl acetate. CO and CH4 were produced at amounts of 22.08 and 2.83          , 

respectively, from the photoreduction of CO2 [392]. 

Recently Wan et al. fabricated a heterojunction photocatalysts CsPbBr3 QDs/UiO-66(NH2) to 

advance the efficiency and selectivity of photocatalytic reduction of CO2. The maximum 

yields of CH4 (3.08          ) and CO (98.57          ) were achieved after 12 hours 

of processing an optimum sample [393]. Ding et al. developed a composite of 

Cs2AgBiBr6/Ce-UiO-66-H using an in situ assembly scheme; Cs2-AgBiBr6 was inserted in 

the framework of Ce-UiO-66-H and made fitted contact. This allowed them to obtain a 

greater conversion of CO2 activity of 309.01            [394]. Sun et al. used a photo-

deposition technique to synthesize a Cu2O quantum dot (QD)/g-C3N4 foam hybrid material. 

The material was found to have excellent photocatalytic performance, with a CO yield 11 

folds superior than that of g-C3N4 at 8.182            [395]. Loaded Cu2O QDs, in 

particular, may function as an efficient electron storage layer by encouraging charge 

separation as well as offering active sites for CO2 reduction. In 2011, Li et al. examined the 
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visible light catalyzed CO2 into methanol conversion in the existence of alkali and sodium 

sulfite. According to the data analysis, it was discovered that SiC, Cu2O, and Cu2O/SiC 

catalysts produced 153, 104, and 191            of methanol, correspondingly. The 

photocatalytic efficiency of SiC NPs might be enhanced by Cu2O treatment [396].  

2.4.2.2 Metal oxides based photocatalyst 

Different amount of Cu doped TiO2 photocatalysts were synthesized by Olowoyo et al. using 

sonothermal and hydrothermal synthesis technique. Higher surface area was observed in the 

obtained photocatalysts, which had Cu species doped both on the surface and within the TiO2 

lattice. The Cu2-TiO2 photocatalyst was found to be the most effective of the produced 

materials when exposed to UV-A light under optimal reaction conditions. The reduction of 

CO2 in KOH/H2O medium under the irradiation upto 24 hours the product yield obtained for 

methane of 6.6           , 472.5            of methanol, and most interestingly, 743.8 

           of acetone. The yields of methanol, acetone, methane and ethylene, while 

exposed to visible light were 74.17, 22.17, 6.18 and 0.53           , correspondingly. It is 

possible that the photocatalyst's activity upon the irradiation of visible light is due to the 

copper content contained in the material [397]. The Ce doped TiO2 photocatalyst (0.2 wt %) 

was synthesized by Ali et al. using the sol gel technique. Under the irradiation of fluorescent 

light the best photocatalytic activity shown by the composite of Ce/La/TiO2, which is 

fabricated with the optimal doping of Ce with 1.5 wt% in TiO2. The maximum production of 

CH3OH was 317.7            in the liquid phase. Additionally, 119.4 and 

262.8          , respectively, of CO and CH4 were obtained as major products from the 

reaction in gas phase. Compared to La/TiO2, the product yields of CH3OH (1.8 times), CH4 

(1.9 times), and CO (2.1 times) for wt% of 1.5 Ce/La/TiO2 were measured [398]. Under the 

irradiation of a 300 W Xe arc lamp for 9 hours, Huang et al. calculated the photocatalytic 

activity of nanoparticles of Eu-doped TiO2 for CO2 reduction. When using a Eu-TiO2 catalyst 
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at a concentration of 0.25 percent, the highest yields of both CO (42.91          ) and 

CH4 (65.53          ) were recorded. Compared to pure Titania photocatalysts, the 

optimal concentration of 0.25% of Eu doped TiO2 photocatalyst produced much more 

products and this difference can be attributed to the reduced rate of charge carrier 

recombination in the doped photocatalyst. The photocatalytic reduction activity was shown to 

be reduced with increasing doping content [399]. Xiong et al. synthesized a codoped TiO2 

with V and W (V
4+

 and W
6+

 ) cations arranged the honeycomb channel interior and V
5+

 

(V2O5) on the surface as the dopants. When studying the photocatalytic productivity of such 

co-doped TiO2 at reducing CO2, researchers discovered that doping with V
4+

 increased the 

material's capacity to absorb visible light by producing a transitional state inside the 

material's band gap. Additionally, the W
6+

 cation encased into the lattice of TiO2 structure 

may capture photogenerated e
- 
and transmit them toward the surface-adsorbed CO2 and H2O 

molecules [400].  

Table 2.5 List of several photocatalysts for the reduction of CO2 by photocatalytic 

process  

Photocatalysts Co-

catalysts 

Conditions Yield 

(%) 

Main 

product 

Remarks Ref. 

TaON and 

Ta/N-co-doped 

TiO2 in 

conjunction 

with a binuclear 

Ru (II) 

complex, 

GaN:ZnO solid 

solutions 

Ag 300 W 

xenon lamp; 

λ > 400 & 

365 nm; 15 

h; pH:6.4 

- Hydrogen 

and 

formate 

It emphasises the 

tremendous potential of 

band-tunable mixed-anion 

semiconductors in Z-

scheme based hybrid 

photocatalysts for the CO2 

reduction in visible light. 

[401] 

Copolymerized polymer 300 W 98 Formic In contrast to the common [402] 
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carbon nitride 

paired with Ru 

(II) complex 

xenon lamp; 

λ > 500 nm; 

5 h 

acid practice of requiring time-

consuming post-synthesis 

modifications to increase 

electron density, this study 

showed that a simple 

modification of a bulk 

semiconductor by using 

the copolymerization 

approach becomes a 

further successful method 

to boost the photocatalytic 

activity of the hybrid 

photocatalyst. 

Ru-complex 

Ta2O2(N-Ta2O5: 

nitrogen doped 

Ta2O5) hybrid 

NH3 500 W 

xenon lamp; 

λ > 390–

750 nm; 15 

h; pH:5–6 

 Carbon 

monoxide 

and formic 

acid 

According to the study, 

NH3 adsorption on the 

surface of the Ta2O5 aids 

in the transit of electrons to 

the Ru-complex. In 

addition, this work's 

calculations suggest that 

replacing some of the 

Ta2O5 surface oxygen 

atoms with NH groups 

causes a red shift in the 

absorption band edge and a 

little upward shift in the 

CBM. 

[403] 

Macrocyclic 

Co(III) on three 

different 

semiconductor 

surfaces 

No mercury 

lamp; λ > 

420 nm; 5 h 

  Since N-Ta2O5-based 

hybrid photocatalysts lack 

surface functionalities 

(such as hydroxyl groups) 

necessary for the 

molecular deposition of 

[404] 
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cobalt complexes, their 

performance is subpar. 

Mesoporous 

carbon nitride 

with polymeric 

cobalt 

phthalocyanine 

catalyst 

Polymer 300 W 

xenon lamp; 

λ > 500 nm; 

5 h 

60 Carbon 

monoxide 

Photocatalytic CO2 

conversion relies on 

precise control over 

catalyst loading, which can 

only be achieved through 

in situ polymerization of 

the phthalocyanine. 

[405] 

Mn-

immobilized 

TiO2 hybrid 

(OrgD-TiO2-

MnP) 

Dye 300 W 

xenon lamp; 

λ > 500 nm; 

5 h 

> 99 Formate 

and carbon 

monoxide 

It was shown that the 

amount of MnP applied to 

the surface of TiO2 greatly 

affected the product 

selectivity (HCOO-/CO). 

[406] 

 

The yields of the CO, CH4, and H2 of the V3W3T photocatalyst were 1.91, 0.22, and 

0.27          , correspondingly, when compared to individuals of particular metal doped 

TiO2 catalysts [407]. Wang et al. examined the usage of lead sulfide quantum dots (PbS-QDs) 

sensitized with copper doped-TiO2 catalysts for the photo-catalytically reduction of carbon 

dioxide. The CO2 conversion yield for the synthesized Cu/TiO2 catalyst with 4 nm PbS-QD 

was 1.71            for CO, 0.58            for CH4, and 0.31            for C2H6. 

Researchers discovered that adding photosensitizers to Cu/TiO2 increased yield by almost a 

factor of 5. In addition, the product yield of a PbS-QD sensitized Cu/TiO2 photocatalyst was 

greater at 4 nm than at 3 and 5 nm [408]. 

2.4.2.3. Carbon based material used as sensitizer 

Researcher all around the world are currently inspired by carbon-based photocatalysts 

because of low environmental impact, cost effective and lack of toxicity. A conjugated 

system is more in the carbon-based materials facilitates the transit of photo excited e
-
s by 
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facilitating the split-up of excitons. In addition, the photocatalyst is more uniformly 

distributed across the carbon matrix, making it easier for molecules reactant to be adsorbed. 

Together, the photocatalyst and the carbon material create a synergistic effect that greatly 

boosts production rates. Therefore, the requirement of an effective photocatalyst for CO2 

reduction is met by any photocatalyst united with carbon-based materials. Many problems in 

real life have been resolved with the support of carbon materials like activated carbon, carbon 

quantum dots, graphene, carbon nanotubes (CNTs), and carbon fibers, etc. 

 For instance, two dimensional graphene oxides are intended for its chemical stability, great 

specific surface area and high charge carrier movement. Because of a number of benefits, GO 

is a great addition to the MHPs system for photo-reducing CO2. Wang et al. also produced 

methyl ammonium lead bromide (MAPbBr3) wrapped in GO [409]. The photo lumniscence 

decline periods of CsPbBr3 anchored on MWCNT were shorter than those of simple 

MAPbBr3 (0.268 lmol cm
-2

h
-1

) thanks to a self-assembly method used by Shu et al. The 

shorter photo luminescence decline times definite the existence of a transmission of charge 

channel in the composites of MWCNT/CsPbBr3, by which the photogenerated carriers were 

quickly relocated, leading to a 3.14 and 2.13-fold increase in CO and CH4 yields, 

respectively, over pristine CsPbBr3 QDs in the CO2 photo reduction route. The yields of CH4 

and CO are shown in the figure to be 27.3 and 71.3          , respectively, when CsPbBr3 

was treated with fullerenes (C60) to enhance charge separation for photocatalysis [410]. 

2.4.2.3.1 Photocatalysts based on activated carbon  

Activated carbons have been used in the production of photocatalytic materials due to their 

large surface areas, high adsorption capabilities, and high porosity. ZnO composites with 

activated carbons have been synthesized and published in several publications. However, 

high price of commercially available activated carbon is the chief barrier to their widespread 

use. Therefore, in recent time, there has been a lot of attention on synthesizing activated 



 

109 
 

carbons economically using agricultural byproducts and low-cost wastes. In addition to guava 

seeds, black stone cherries, peanut shell, apricots stones, peach stones, sugarcane bagasse, 

almond shell, and orange peels have all been reported as sources of activated carbons. 

Zinc oxide (ZnO) is a semiconductor metal oxide with a deep violet absorbance at room 

temperature a binding energy of 60 meV and a band gap of 3.37 eV. This metal oxide 

exhibits great photocatalytic activity in addition to its excellent electrical, mechanical, 

antibacterial, optical, and antifouling properties [411]. ZnO has been used in the literature for 

photocatalytic organic waste degradation, metal ion reduction, and carbon dioxide (CO2) 

sequestration. The CO2 photoreduction property of ZnO/activated carbon composites has 

been reported on only infrequently, even though several publications have revealed their 

synthesis and their use in photocatalysis [412]. Carbon fiber, among carbon materials, is 

considered a useful component for making composites because of its ability to prevent 

nanocrystal aggregation and photo- corrosion as well as its high electron mobility. One study 

describes an in-situ controlled procedure for producing composites of ZnO nanorod arrays 

and carbon fibres [413]. The maximal yield of 430.2 under UV irradiation for as-synthesized 

composites was 7.15 times greater than that of pure zinc oxide (ZnO) (60.2 UNIT), 

demonstrating remarkable activity in CO2 to CH3OH photoreduction. A precedent for the 

carbon materials and functional cross-linking of TiO2 was first reported to have been 

established by the Uchida team in Japan in 1993 when degrading propionamide by 

photocatalysis, they combined activated carbon with TiO2. The mineralization efficiency was 

raised by more than a factor of three when activated carbon was added to the TiO2 catalyst, 

which greatly boosted the adsorption rate of propionamide on the TiO2 catalyst [414]. The 

photocatalytic degradation ability of TiO2 when exposed to visible light was found to be 

enhanced by the upconversion effect of carbon QDs, as proven by Pan et al. in 2014 [415]. 

The formation of a photocatalytic heterojunction enhances the adsorption effectiveness, 
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prevents the recombination of photogenerated carriers, and makes CO2 reduction more 

efficient. More studies on photocatalytic degradation and reduction using carbon materials-

TiO2 functionalized materials have been conducted in recent years. Research has shifted its 

focus to improving photocatalytic efficiency by modifying carbon-based materials and 

employing numerous catalysts. In the presence of a graphene-TiO2 composite, Zhang et al. 

found that CO2 could be reduced photo-catalytically, leading to the production of 160 

           CH3OH and 150            of formic acid [416]. It was discovered that 

increasing the graphene loading enhanced photocatalytic activity. In their study on the 

nanostructure of composite hollow carbon nitride spheres (HCNS)@TiO2, Dehkordi et al. 

discovered that the composite produced 11.3            CH3OH products on exposing to 

CO2 photoreduction. As a result, the yield obtained was approximately five times higher than 

that achieved with pure g-C3N4 and ten times more efficient compared to the P-25 TiO2 

photocatalyst [417]. Wang et al. achieved the highest yields of CH4 and CO after 4 hours of 

irradiation using g-C3N4 modified TiO2. The highest yields obtained of CH4 and CO are of 

72.2 and 56.2            [418]. 

2.4.2.4 Polymer based photocatalyst 

 Furthermore, Polyaniline (PANI) and other linear conjugated polymers have been explored 

for formation of conjugates having inorganic semiconductors. The photocatalytic reduction of 

CO2 in the presence of H2O was significantly enhanced by a polyaniline/TiO2 hybrid. The 

production rates of methane (CH4), carbon monoxide (CO), and hydrogen (H2) were 3.8%, 

2.8%, and 2.7% higher, respectively, in a 0.85% PANI-TiO2 hybrid photocatalyst compared 

to a pure TiO2 photocatalyst [419]. The yolk-shell (YS) structure is another significant class 

of carbon-based nanostructures with fascinating chemical and physical properties. The typical 

YS structure has a solid inner core surrounded by a hollow shell, which increases light 

scattering in the shell interior while also providing a wide surface area from which to 
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generate many active sites. In this context, hollow heterostructure g-C3N4@CeO2 

photocatalysts were shown to improve photocatalytic reduction of CO2 by Liang et al. The 

highest yields were found to be 3.5%, 5.2%, and 16.8%            for CH4, CH3OH, and 

CO [420]. 

2.4.2.5 Tantalum nitride based photocatalyst for CO2 reduction 

Due to their characteristics as narrow band active visible light absorbers, several Ta-based 

materials, like as tantalum nitrides (Ta3N5) and tantalum oxynitrides (TaON), have lately 

emerged as leading contenders for effective solar light water splitting. Due to their low band 

gap of 2.4 and 2.1 eV, correspondingly, TaON and Ta3N5 are ideally suited to begin 

photocatalysis through visible light absorption (low energy consumption). As a result of its 

probable use in water splitting and the photocatalytic destruction of organic contaminants, 

several research endeavors have been dedicated to investigating Ta3N5. Based on the data, 

Ta3N5 appears to be a strong contender for use as a photocatalyst driven by visible light. 

Ta3N5 was modified by Wang et al. by using the low-work-function metal Bi. Due to the 

lower work function of Bi (4.2 eV) compared to Ta3N5 (4.5 eV), it is expected that a surface 

band bending will occur at the interface junction region between these two materials, with a 

downward direction. This improved photocatalytic activity is due to increased electron 

transport from Ta3N5 to Bi as well as efficient separation of the redox sites. BiTaO4 was 

effectively synthesized as a Ta3N5/Bi composite catalyst by heating it in an ammonia 

environment, and the observed photocatalytic activity demonstrated remarkable efficiency in 

converting CO2 to CH4. The addition of bi metal particles clearly increased the Ta3N5 carrier-

separation efficiency. The values for total CH4 production vary from 0.89 for Ta3N5 to 1.14 

for M-Ta3N5/Bi to 4.52            for Ta3N5/Bi. The Ta3N5 value falls in the middle of 

this range. The rate of CH4 synthesis is            over Ta3N5/Bi, that is 5.2 and 4.1 times 

more than it is over Ta3N5 (          ) and M-Ta3N5/Bi           ) [421]. Nguyen et 
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al. synthesized V doped Ta3N5 and results demonstrated much greater absorption of visible 

light in addition to reduced band gap energy in comparison to Ta2O5. The CO2 was 

transformed into CO and CH4 by the synthesized Ta3N5 and Ta3N5 photo catalytic materials 

even in the presence of visible light. The photocatalyst electron-hole separation efficiency 

was improved because to the presence of V dopants in the lattice of Ta3N5, which served as 

intermediary band (V 3d) between the Ta3N5 VB (N 2p) and CB (Ta 5d). Therefore, V-Ta3N5 

had significantly better photocatalytic activity than Ta3N5. Photocatalytic CO2 reduction 2 wt. 

% of V-Ta3N5 on exposure to visible light resulted in 1003, 425, 236 and 56            of 

O2, CH4, CO and H2, respectively [422]. 

2.5. Scope and Objectives of Research 

A significant amount of time and effort has been invested in the quest for an energy source 

that is ecologically responsible and renewable. To achieve zero-carbon fuel, water splitting is 

considered as key, therefore, the investigation of catalysts for the water splitting reaction 

remains a significant challenge. For the removal of noble-metal catalysts, transition metal 

based catalysts are considered as very important class of catalysts. These catalysts are highly 

abundant, highly stable, reactive under diverse operational conditions and helpful to cut the 

cost. Numerous advance articles supported that transition metal based catalysts will be very 

essential in near future.  

There are several semiconductors which have been reported as photocatalysts so far as 

mentioned in above section. However, uncontrolled charge recombination, this leads to a 

decrease in the quantity of active species, that is the major drawback for using these 

photocatalysts. The aim of this thesis is to develop some promising and stable transition 

metal based photo-catalysts for water splitting reactions. It is vital to solve future energy and 

environmental concerns that need the synthesis of photocatalysts that are both efficient and 

driven by visible light. 
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2.6. The objective of this present work is as follows: 

1. Synthesis of solar catalytic system metal (V, Nb) and non-metal (S) co-doped Ta3N5 

solar catalyst efficient for photo-catalysis immobilized with biomass-soot carbon 

followed with carbonization and activation to increase the surface area 

2. Development of nanocomposite co-doped Ta3N5 immobilized BSC with conducting 

polymer PANI as an efficient solar catalytic system 

3. Production of H2 using efficient photo-catalytic system under solar irradiation 

4. Reduction of CO2 using novel photo-catalytic system under solar irradiation for 

conversion renewable energy (methanol, methane) production 

5. Characteristic analysis of novel photo-catalytic system for renewable energy 

production 

2.7. Methodology in brief 

Figure shows the methodology used in this work. The Ta3N5 composites were synthesised by 

carbonization, hydrothermal and electrochemical-polymerization methods. The preliminary 

characterizations like structural, morphological, compositional and optical analysis were 

performed. Photocatalytic water splitting experiment was carried out for all composites 

materials to check if they are photocatalytically active. The composites materials which 

showed appropriate band gap and band edge potentials are tested for H2 evolution and CO2 

reduction through photocatalytic water splitting experiments. 
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Fig. 2.7 Schematic design for the fabrication route of the composites materials 
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Chapter 3 

3.1 Materials and Characterization studies 

3.2.Materials 

Biomass of Dulcis (almond) Shell and Arachishypogaea (peanut) Shell, Ta2O5 and TaCl5 

(99% Sigma-Aldrich), vanadium pentaoxide (V2O5), niobium ethoxide, Thiourea, Ethanol, 

Hydrochloric acid (HCl), Aniline (Lobachemie), Ammonium peroxydisulfate ((NH4)2S2O8 

from CDH), Potassium hydroxide (KOH), Sodium hydroxide (NH4OH), Acetone, and 

Methanol (99%, LiChrosolv Merck) used as sacrificial agent. The entirely chemicals utilized 

as procured. As a substrate to manufacture photoelectrodes (PEs) ITO (Merck) glass plates 

were used. Sulphuric acid (99%), sodium sulphate, potassium hydroxide, purchased from 

CDH Pvt. Ltd. was used to carry out electrochemical and photoelectrochemcial (PEC) 

studies. All reagents were synthesized by using ultrapure deionized water obtained from 

Millipore, and glassware was cleaned by using ethanol and distilled water. 

3.3. Synthesis Process for the preparation of photocatalyst materials 

A wide range of chemical methods are documented for the synthesis of different metal-nitride 

based composites. The following are some of the commonly used approaches. 

 Hydrothermal 

 Solvothermal 

 Deposition–precipitation method 

 

 Calcination method 

 

 Electrostatic self-assembly method  

 

 Thermal decomposition 

 

 Carbothermal synthesis 

 

 Sol-gel 
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 Electrochemical synthesis 

 

 Mechanochemical synthesis (MCS)  

 

 Direct element combination 

 

 Solid-solid separation method 

 

 Post-synthesis heat treatment of carbides and nitrides 

 

3.3.1. Hydrothermal Method 

The British geologist Sir Roderick Murchison invented the word "hydrothermal" in 1792 

[423]. Tuning the reaction conditions allows for more size and form control in the solution-

based methods of synthesis known as hydrothermal and solvothermal synthesis, respectively. 

Hydrothermal chemistry refers to the use of heat to bring about a chemical reaction in 

aqueous solution, while solvothermal chemistry refers to the use of non-aqueous solution. 

The hydrothermal technique creates a reaction environment with high pressure and 

temperature by dissolving, heating, and recrystallizing compounds that were previously 

insoluble or sparingly soluble. This process takes place in a sealed autoclave, enabling the 

synthesis of nanomaterials through the separation and subsequent heat treatment of the 

dissolved components. Hydrothermal synthesis is appealing because it can create both 

homogeneous and monodispersed nanoparticles and nano-hybrids. This technique is best 

suited for the manufacture of monodisperse nanoparticles. The hydrothermal process, in 

which nanomaterials are formed, requires a closed steel autoclave, a temperature range from 

mild to the broad and high pressure. The main benefit of this technique is the ability to create 

nicely crystals [424]. 

3.3.2. Solvothermal method 

Hydrothermal processing is typically reserved for materials that are not affected by water. 

Solvothermal reactions often involve water; however for chemicals that may react or 
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hydrolyze in water, organic solvents are typically used instead. Insoluble or poorly soluble 

compounds can be dissolved and recrystallized into pure, homogeneous crystals using the 

solvothermal process. Parameters like reaction time allow control over nano product shape 

and composition. The solvothermal approach not only promotes the formation of 

nanoparticles on specified crystal planes, but it also stops reduced nanoparticles from 

aggregating with one another, ensuring that the appropriate shape is achieved [425]. 

3.3.3. Deposition–precipitation method 

The deposition-precipitation method enables the preparation of a catalyst containing desired 

metal nanoparticles [426]. This technique involves combining a solution of the target metal 

(usually a noble metal) with a suspension of the carrier material. The mixture is then stirred at 

a specific temperature and pH to facilitate the deposition and precipitation process. Many 

composites, including g-C3N4/Bi2WO6/AgI, PANI/Ag3PO4/NiFe2O4, AgBr@Bi2WO6/WO3, 

and MIL-53 (Fe)/a-Bi2O3/g-C3N4, have been prepared using the deposition-precipitation 

method. This technique increases the surface area in contact between the parts and creates 

enough pathways to segregate and transport photogenerated carriers. The deposition-

precipitation process allows for the distribution of most loaded components primarily on the 

carrier material‟s surface, which results in low consumption and a high utilization rate. This 

is especially important for noble metal assisted catalysts like platinum, iridium, and others 

that can conserve a great deal of their respective precious metals. The second benefit is the 

immediate availability of uniform; instead, shaped support materials. It is simple to select a 

suitable catalyst due to the fact that its form, specific surface area, and porosity are all 

determined by the support. 

3.3.4. Calcination method 

In order to create solid catalysts, calcination is one of the processes that can be used. 

Catalysts are normally produced by bringing an aqueous solution of metal salts into contact 
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with a carrier, adsorbing or storing the solution in the capillary of the carrier, draining off any 

surplus solution, and then calcining and activating the material in a chamber furnace. This is 

the standard method for producing catalysts. The dual Z-scheme composite of 

Co3O4@CoO/g-C3N4 was produced by combining the previously obtained g-C3N4 dispersion 

with CoO in methanol solution, stirring the mixture evenly until the methanol evaporated, 

drying the mixture at 60 
o
C, and then calcining it at 200 

o
C [427]. By selecting a carrier with 

suitable specific surface area and porosity during the calcination process, it is possible to 

obtain an ideal composite material with the desired physical and structural characteristics of 

the catalyst, thereby altering the morphology of the carrier. This is possible because of the 

fact that the calcination process. There is a wide range of degrees of heat resistance among 

the various substances. Changing the calcination temperature may vary the amount of certain 

chemicals present in a compound or the crystal shape of the compound, both of which are 

necessary for the production of a composite material having stable features and the ideal form 

[428]. Waste gas contamination during the calcination process, however, is unavoidable and 

could limit its widespread practical applicability. 

3.3.5. Electrostatic self-assembly method 

Electrostatic self-assembly is a spontaneous process in which fundamental structural units, 

ranging from molecules to nanomaterials or larger entities, assemble themselves into ordered 

structures. The spontaneous arrangement or aggregation of essential structural components 

into a sturdy form with a regular geometric appearance is what we mean when we talk about 

self-assembly. In order to construct heterogeneous structures, electrostatic self-assembly has 

become a widely used and practical method [429]. Self-assembly guarantees a limited 

granularity distribution for precise control over the resulting morphology and system. 

3.3.6.  Thermal decomposition 

A chemical reaction known as thermal decomposition takes place when heat is applied to a 
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single component, causing it to split into two or more substances. This synthesis process, 

which was performed at temperatures between 400 and 1000
o
C, is one of the earliest ways to 

create monodispersed nanoparticles. The muffle furnace was used to heat the alumina or 

silica crucible containing the precursor to a high temperature, yielding the desired product 

[430]. 

3.3.7. Carbothermal synthesis 

At high temperatures (usually 1350-1400°C for 3 hours), activated carbon can be used to 

reduce metal oxides, a process known as carbothermal synthesis. Similar to the reduction 

procedure used to refine metals from their ores, carbothermal synthesis generates carbon 

monoxide and, in some cases, carbon dioxide. Intriguingly, the technique could potentially 

create a hydrophobic carbon support for the nanoparticles of metal carbide if too much 

carbon is used [431]. The several steps (chemical processes) involved in this method make it 

time-consuming and not very practical for synthesizing nanoparticles, despite the fact that it 

is scalable and has been industrialized in the past. Furthermore, this process is linked to high 

energy consumption, high production costs, and undesirable by-products. However, due to 

their properties, carbides synthesized in this way have found a number of intriguing 

applications. For example, phase-pure Fe3C nanoparticles have been reported to have 

superior values to iron for both particle diameter (20 nm) and saturated magnetization (∼130 

emu/g). Recent studies have reported the use of organic gelators, this technique involves 

dispersing soluble metal precursors (metal oxides) within a homogeneous gel network using 

various substances, including small molecules like urea and polymers like chitosan, as an 

alternative to the conventional carbothermal approach.  

3.3.8. Sol-gel synthesis 

The transition of a gel intermediate is an essential step in the sol-gel synthesis process, which 

may be used to produce a nano-material or a solid product starting from a solution. This 
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method of synthesis allows for rapid reactions by mixing the reactants at the molecular level, 

and it also produces more uniform products with a larger effective surface area. In particular, 

metal alkoxides that are amenable to hydrolysis, nucleophilic attack and condensation on the 

way to polymerization are commonly used in a sol-gel method. Regulating reaction 

conditions and/or employing suitable supports or templates allows for regulation of the end 

products' size, morphology, and porosity [432]. It is fascinating that this technique has been 

utilized to synthesize materials like metal carbide and nitride nanoparticles. Designing new 

layered hybrid materials with magnetic characteristics often involves the Complexation of 

metallic center. However, this method requires a number of chemical processing stages, 

which can be time-consuming and laborious. If you want to slow down or speed up the 

condensation processes, all you have to do is add a polymeric network or suitable catalyst. 

The origins of sol-gel techniques can be traced back to the synthesis of metal nitrides, which 

involved the utilization of metal-organic compounds containing the metal element and di 

alkyl amine. The intermediate product undergoes a transformation to become the final 

product by a series of reactions with sodium acetylide and subsequently with an aqueous 

solution of ammonia that take place at a temperature of 50
o
C for an hour. The final product 

also undergoes an at-room-temperature ammonia evacuation process. Since many 

achievements have been accomplished in the oxide material‟s synthesis, there has been a 

significant amount of interest in the non-oxide material‟s synthesis. Since the sol-gel process 

allows for precise control over the resulting material's morphology, it can be used to 

manufacture a wide range of substances. In order to synthesize metal carbides with a high 

surface area, such as titanium carbide, the hybrid approach of combining the sol-gel method 

with the carbothermal reduction process is employed, despite its more prevalent use in the 

creation of silicates and common metal oxides. 
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3.3.9. Electrochemical synthesis 

In electrochemical synthesis, metals and non-metals undergo charge transfer from ionic melts 

at high temperatures by multi-electron reactions.  This technique has not seen widespread use 

in industry because of the high temperatures (1023-1473 k) and extended times (say, 2 hours 

or more) required for electron electro-reduction of numerous system components. It's worth 

noting that this synthetic route to metal carbide has advantages such as (i) fewer byproducts, 

(ii) the ability to keep an eye on the temperature during production, and (iii) the potential for 

meso or nano-scale product development. But there are drawbacks to this technique as well: 

(i) Purification of the cathodic products is essential, and (ii) It is not easy to produce a 

chemical with perfect stoichiometric ratios. The electro-chemical reduction of solid metal 

oxides to metals in melted salts is an intriguing issue that has gained a great deal of interest 

recently. Many reactive metals, including titanium, chromium, and others, have been 

extracted using electrochemical techniques, and these techniques have also been applied to 

the creation of numerous functional alloys and inorganic composite materials [433]. 

3.3.10. Mechanochemical synthesis (MCS)  

Mechanochemical synthesis (MCS), a solvent-free and top-down approach that involves the 

milling or grinding of their precursors, has emerged as a viable route for the creation of 

MHPs in recent years [434]. It has various benefits over the traditional solution-based 

approach, such as reduced organic solvent consumption and improved stoichiometric control 

of the end products. In order to create the required MHPs at kilograms scales, Hong et al. 

used the MCS technique to synthesize a variety of metal halide (M-X) perovskites, including 

trigonal FAPbI3 cubic CsPbI3, and cubic CsSnCl3 [435]. In a similar manner, Kumar et al. 

conducted a study on the fabrication of gas-phase photocatalytic CO2 reduction using Cu-

RGO and Pb-free Cs2AgBiBr6 double perovskite nanoplates [436]. The morphology of the 

CsPbBr3 was tunable by adjusting milling conditions such as cesium salt precursor ball 
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milling time, and ball size. 

3.3.11. Synthetic methods for metal carbide and nitride 

3.3.11.1. Direct element combination 

In this synthetic technique, non-metal and metal are immediately reacted together at high 

temperatures. There are a number of drawbacks to this method, however, including the need 

for a very high temperature, the creation of nanoparticles with uneven grain sizes, an 

incomplete reaction, a lengthy reaction time, and the absence of a mesoporous structure 

[437]. Lie et al. note that due to the absence of auspicious features of the final product, long 

reaction time and high energy consumption, this strategy has not received much interest from 

researcher [438]. 

3.3.11.2.  Solid-solid separation method 

A recent research looked at the process of producing metal nitrides using the solid-solid 

separation technique. This synthetic method involves ammonolysis of bulk ternary oxides in 

the presence of ammonia gas at temperatures between 600 and 800 degrees Celsius. This 

approach is both economical and ecologically friendly, allowing for the synthesis of a wide 

range of metal nitrides with desirable properties such as small pore size (∼10-40 nm) and 

high surface area [439]. 

3.3.12. Post-synthesis heat treatment of carbides and nitrides 

Most of the nitrides and carbides mentioned earlier are typically manufactured in the form of 

powders, but they need to be cast into precise forms before they can be used in applications. 

Consolidation can be achieved through two methods: cold pressing followed by heating (also 

known as cold compaction) or simultaneous hot pressing [440]. Cold compaction involves 

applying pressures in the range of a few hundred megapascals to the powders, followed by 

heating to around 0.5-0.6 times the melting point (Tm) of the material. Hot pressing, on the 
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other hand, combines both pressing and heating steps simultaneously. The transformation of 

powder compacts into a solid, brittle ceramic is accomplished through a process called 

sintering. During sintering, the powder particles interact with each other, resulting in the 

formation of the final microstructure. This microstructure plays a vital role in determining the 

material's properties, including its dielectric response, mechanical strength, and other 

characteristics. It should be noted that a higher sintering temperature (above 0.8 Tm) 

increases the likelihood of oxidation. In addition, the lattice diffusion process will take 

precedence at these temperatures, which will result in the growth of bigger particles or grains. 

This coarsening works against densification (i.e. pore reduction) mechanisms, leading to the 

trapping of small pores and thus altering the material's structural and functional properties. 

This is especially true of cemented carbides based on Tungsten (WC), which are currently 

undergoing extensive research for their potential use in the manufacturing industry, 

specifically as drilling and cutting tips. They exhibit a thermal expansion coefficient 

comparable to that of glass and possess a high hot hardness, measured at 15 GPa on the 

Knoop hardness scale. Sintering tungsten requires either a high temperature for an extended 

period of time or the inclusion of secondary particles known as additives, to achieve maximal 

densification (approx. 95%) due to tungsten's poor diffusion coefficient. On the other hand, 

high temperatures pose a threat of grain coarsening and the appearance of second phase 

particles, both of which can negatively affect fracture characteristics. Recent years have seen 

a shift away from traditional heat treatment and sintering in favor of more modern 

alternatives such as microwave sintering and spark plasma sintering (SPS). Due to its shorter 

processing time (total time of 5-10 minutes) and the ability to achieve near theoretical density 

(100%) at lower temperatures (below 0.4 times the melting point), it offers advantages over 

traditional sintering methods SPS has attracted considerable attention. In spark plasma 

sintering (SPS), particles are compacted using the heat created by the passage of current, 
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which is supplied as a high direct current over graphite dies. Since the heat is being produced 

on the inside of the material, the sintering process can proceed at a high cooling/heat (100 

°C/min) [441]. 

3.4.Characterization Techniques 

The synthesised photocatalysts were studied using a number of different analytical methods. 

X-ray diffraction (XRD) analysis was employed to observe the entire synthesis and product 

production process. Once XRD confirmed the formation of a pure phase, additional analyses 

were conducted using UV-visible diffused reflectance spectroscopy (UV-Vis DRS), field 

emission-scanning electron microscopy (FE-SEM), and energy dispersive X-ray spectroscopy 

(EDS) to further examine the photocatalysts. For a comprehensive investigation of the charge 

carriers, photoluminescence spectroscopy (PLS) and electrochemical impedance 

spectroscopy (EIS) were utilized. This chapter provides a concise overview of all the tools, 

techniques, and instruments used, as well as the procedures for the sample analyses. 

3.4.1.  X-ray Diffraction (XRD) 

Powder samples can be analysed nondestructively using XRD, a well-established 

characterization technique. It can be used to find out information about solid materials, such 

as their crystallinity, crystallite size, crystallographic group, and phase purity. The XRD 

pattern, which is the result of incident X-rays being diffraction-recorded at 2θ angles, is 

specific to a given crystal structure. Since every compound leads to a set of diffraction peaks 

at explicit d-spacings, the XRD pattern is analysed to determine the lattice system. According 

to Bragg's law, the monochromatic incident X-ray of wavelength is related to the path 

difference, d as follows: 

 nλ = 2d sinθ   (3.1) 

where, n represent order of diffraction, λ is referred as incident X-ray‟s wavelength, θ is 

referred as incidence angle of the X-rays and d stands for interplanar distance in the crystal 
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structure [442]. 

In this research, XRD analysis was employed extensively. All of the XRD readings were 

taken using a graphite monochromatized CuKα (1.5406 Å) radiation source powered by a 

Bruker AXS D8 Advance diffractometer at 40 kV and 40 mA. Powder X-ray diffraction 

measurements of the solids were taken at a rate of 1º/min throughout an angular range (2θ) of 

5−90°. For consistent diffraction, a powder sample of ~ 0.5g is put onto the groove of the 

sample holder for scanning and then pressed with a glass slide. Figure 3.1 depicts the high-

level configuration diagram.  

 

Fig. 3.1 Schematic representation of XRD setup and Bragg’s constructive diffraction 

Bragg‟s constructive diffraction, as depicted in Figure 3.1, elucidates the X-ray diffraction 

diffraction condition. If the x-ray path difference, Δ = Δ1 + Δ2 is equal to an integer multiple 

of the wavelength, then we have evidence of constructive interference. Bragg's law is the 

result of the following trigonometric mathematical computation. The interplanar distance is 

determined by applying Bragg's law (Equation 3.1) [443]. 

3.4.2. Fourier Transform Infrared Spectroscopy 

The chemical bonds of substances have their own unique vibrational frequencies. When IR 

radiation hits on a material, it is absorbed at the frequencies that correspond to those of the 

material. Materials' functional groups can be determined from their distinctive frequencies' 

absorbance profiles [444]. Figure 3.2 is a diagram showing how the FTIR machine is 
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typically constructed. 

 

 

Fig. 3.2 Schematic diagram of FTIR spectrometer 

The working of FTIR is explained below: 

1. Source: IR beam generated by black body source. These generated beams pass 

through the aperture and incident on the sample. 

2. The interferometer: In the interferometer beam entered are encoded and directed 

towards the sample. 

3. The sample: The beam entered from the interferometer falls on the samples; 

depending on the frequency of the beam sample may absorb, transmit or reflect 

4.  The detector: The beam from the sample is detected by the detector. 

5. Reflection gratings: Used to avoid stray beams. 

6.  Mirror: Mirrors focus and redirect the IR beam 

7. The computer: Finally, in the computer Fourier transform, decodes the signal to 

display the graph. 
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3.4.3.  Field Emission Scanning Electron Microscopy (FESEM) 

The scanning electron microscope (SEM) is a popular technique to study morphology of 

surface and topology through a raster scan of high-energy electrons. 

Principle 

Backscattered electrons, secondary electrons, photons, x-rays, and heat were just a few of the 

signals produced when accelerated electrons strike materials. Images can be created by 

accumulating secondary and backscattered electrons. The secondary electrons provide as a 

visual representation of the matter structure and architecture. Backscattered electrons are 

critical to picture contrast [445]. 

3.4.3.1. Energy-Dispersive Spectroscopy (EDS) 

Energy dispersive spectroscopy is used to measure the relative amount of elements present in 

the samples. 

Principle 

A moderately energetic X-ray photon excites a photoelectron crystal, which then propagates 

through the crystal and excites further exciton (electron-hole pair). This process repeats itself 

until the total electron kinetic energy falls below the bandgap. This energy is picked up by the 

detector. 

3.4.4. UV-visible Diffused Reflectance Spectroscopy 

The lamp used in a UV-Visible setup emits radiation in the region of the ultra-violet (UV) to 

the near infra-red (NIR) and is focused onto the sample by a monochromator. The qualities of 

the sample determine which wavelengths are reflected or absorbed, while the other ones are 

transmitted. A photodetector measures the amount of light that is transmitted (or reflected) 

and sends that information to a recorder or computer. When working with fluids in which 

colloids are suspended, it is best practise to employ a reference to eliminate the route 
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travelled by photons in the sample holder. As a result, a beam emanating from the radiation 

source is divided in half. The sample's reference compartment is traversed by one section. 

This substrate is used as a standard for comparison. Finally, the signal attributable only to the 

sample is determined by comparing the reference and sample light intensities. The 

spectrometer outline is depicted in Figure 3.3 [446]. 

 

Fig. 3.3 Schematic representation of the UV-Visible spectrometer 

3.4.5.  Photoluminescence Spectroscopy (PL) 

The emitted light is measured as a function of wavelength by a process called 

photoluminescence. This method involves using light with a maximum wavelength to 

stimulate the material, and then monitoring the resulting emission. This method can provide a 

relative charge recombination rate among the materials under consideration. In photocatalysis 

especially, a decrease in PL intensity is linked to less charge carrier recombination [447]. 

3.4.6. Photoelectrochemical Studies 

Using an electrochemical workstation (Metrohm) and A solar simulator with an intensity 

equivalent to 1.5 AM (Air Mass) was used for the experiment. The solar simulator model 

used was a 300 W SSEM (Photo Emission Tech, USA), the photoelectrochemical 

characteristics of the produced photocatalysts were determined. The following procedure was 

used to prepare the working electrodes. Ultrasonication was used for 45 minutes to provide a 

homogeneous dispersion of 0.25 g photocatalyst and 0.023 g methyl cellulose in a 1:1 ethanol 
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and water combination, and after that, the compound was dried at 120 °C for 60 minutes to 

make the working electrode. To investigate the photoelectrochemical characteristics of 

photocatalysts, electrochemical impedance techniques were used. We used a counter 

electrode made of pure Pt wire and a reference electrode of Ag/AgCl. Furthermore, 

throughout all laboratory experiments, a solution of Na2SO4 with a concentration of 0.1 M 

was used as the electrolyte. 

3.4.6.1. Electrochemical Impedance Spectroscopy 

The determination of electrochemical impedance involves the generation of an electric 

current through the application of a sinusoidal (AC) voltage to the working electrode. The 

sinusoidal (AC) voltage controls the amplitude and phase of the generated current. After then, 

impedance can be determined with the help of Ohm's law. Schematic illustration of 

impedance spectra is presented in Figure 3.4 [448]; this measurement involves calculating 

electrolyte resistance, charge transfer resistance, and Warburg resistance. 

 

Fig. 3.4 Schematic representation of Impedance graph 
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3.4.6.2. Mott-Schottky Measurement 

Mott-Schottky plot is (1/C2) vs. the potential difference between the material and electrolyte. 

If the slope is negative, then the semiconductor is n-type; otherwise, it is p type. This 

technique helps in finding the nature of the semiconductor, carrier density, and 

semiconductor‟s flat band potential. The carrier density of the semiconductor can be 

calculated by using equation (3.2). 

        
 

  
  

 

       
            (3.2) 

Where 1/C2 is the slope from the Mott-Schottky plot, A is electrode area, ND is the charge 

density, and 𝜀 is dielectric constant, and Vbi is built-in potential. 

3.4.7. BET (Brunauer-Emmett-Teller) 

Surface property measurement has become more essential for a wide range of materials. One 

of the most fundamental of these characteristics is the surface area accessible for gas 

molecule adsorption. Surface area is the way a solid interacts with its surroundings, 

particularly liquids and gases. Surface area can be created by reducing particle size, such as 

grinding and milling, as well as making materials porous. Brunauer-Emmett-Teller is a 

surface area analysis technique, which is used to define the specific surface area of powders, 

granules and solids the values are expressed in m
2
/g. The principle of BET surface area 

testing is that at lower pressures gas adsorbs to solids in a monolayer. The surface area 

covered by this layer is calculated by physical adsorption of a gas on the solid's surface and 

estimating the amount of adsorbate gas equivalent to a monomolecular layer on the surface. 

The porous characteristics for example pore size distribution and pore volume of the 

materials was analysed by principle of capillary condensation. BET analysis provides a 

precise specific surface area evaluation of materials via nitrogen multilayer adsorption 

evaluated as a function of relative pressure utilising a fully automated analyzer [449]. Barrett-
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Joyner-Halenda (BJH) analysis can also be used to determine pore area and specific pore 

volume utilizing adsorption and desorption techniques. 

3.4.8. TGA/DSC 

Thermogravimetry analysis/differential scanning calorimetry (TG/DSC) can evaluate thermal 

parameters such as weight loss and reaction nature (exothermic or endothermic) at different 

temperature intervals [450]. The intermediate phases obtained during chemical synthesis in 

the form of dried gel and ball-milled precursors obtained during solid state synthesis were 

analyzed by using a thermal analyser in a static air atmosphere in the temperature range 26-

1200 °C at a heating rate of 20 °C min
-1

. The thermal analysis results of the intermediary 

phases indicate the temperature range of the final phase production and its thermal stability. 

3.4.9. High-Resolution Transmission Electron Microscopy (HR-TEM) 

Electron microscopes are used as a powerful technique to observe the morphology of the 

prepared samples. Scanning electron microscopy (SEM) and Transmission electron 

microscopy (TEM) provide the information about 3D-structural morphology and 2D-micro 

structure of prepared photocatalyst. High resolution transmission electron microscopy (HR-

TEM) imaging is identical to TEM imaging except that the magnifications used are high 

enough to see the lattice spacing of inorganic materials (typically on the order of several) 

[451]. Although such lattice spacings can be easily recorded onto film at moderate 

magnifications (the 3.4 Å spacing between graphite layers can be recorded onto film at 

magnifications as low as 15,000-20,000x), CCD cameras and much higher magnifications 

(usually above 200,000 or 300,000x at the plane of the imaging device) allow the user to 

control the defocus much more easily and produce the best HRTEM images. 

3.4.10. PC H2 production  

A sealed quartz reactor was used to perform the photocatalytic H2 production experiment 
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which contains a catalyst (0.25 g) and water for an overall reaction volume of 10 ml to 

evaluate photocatalytic activity (   evolution) of the synthesized materials. In order to get rid 

of the dissolved oxygen, we first degassed the reactor with Ar gas for 15 minutes before 

exposing it to visible light (80 W LED). Throughout the experiment, constant stirring was 

used to ensure that the reaction mixture remained uniform. Flowing cold water linked to the 

reactor was used to control the reaction temperature. The evolved gas was collected and 

analyzed at regular intervals using an off-line gas chromatograph. The gas chromatograph 

was equipped with a TCD (Thermal Conductivity Detector) and utilized a molecular sieve 5 

Å column, with Ar serving as the carrier gas. 

3.4.10.1.  Catalyst Stability and Reusability Test 

The recyclability and stability of photocatalysts are confirmed by repeating the same 

experiments upto 6 cycles. After the first cycle of PC water splitting, the solution was 

decanted and the catalyst was separated. Catalyst was dry after each run and then use in the 

next cycle. Again, the same experiments were repeated and irradiated with visible light. The 

aforementioned procedure was replicated many times, and the photocatalytic activity 

remained nearly unaffected even after repeating many cycles, indicating the outstanding 

stability of the sample due to the presence of polymer (polymer prevents the metal nitrides 

from self-photo corrosion during the reaction). 
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Chapter 4 

 Section (A) 

Characterization studies of Ta3N5/BSC@PANI nanocomposites for hydrogen 

production via water-electrolysis under visible light irradiation 

4.1.Introduction 

As the global population continues to grow and industrialization expands on a daily basis, 

human society faces two major and unsolved issues: energy crisis and environmental 

damage [452]. Currently, our energy system depends on traditional fossil fuels, which 

causes climate change and is on the verge of diminution. Recently, researchers have been 

looking forward to solving these issues; there is an urgent need to develop a green and 

sustainable energy source to replace fossil fuels [453]. An additional greater than 14 

Terawatts of power society would need by 2050 [454]. The latest studies revealed that 

only solar energy has the potential to meet that need [455]. Due to the discrepancy 

between the intermittent nature of solar energy and economic/domestic demand, this 

additional energy input must be stored reliably. Producing fuels from abundant resources 

like water may be the only viable option in such a scenario. Nowadays, developing an 

effective and sustainable method for producing H2 gas is the most attractive area of 

research for scientists. Hydrogen (H2) is considered the ideal long-term fuel for the future 

because it produces zero carbon emissions, only water as a byproduct, and has a higher 

chemical energy density (142 MJkg
-1

) [456]. In 1972, Japanese scholars named Fujishima 

and Honda discovered photocatalytic (PC) and photoelectrochemical (PEC) water 

splitting by semiconductor TiO2 act as a photocatalyst for the production of H2 in sunlight 

irradiation [457]. Thus, the evolution of H2 through H2O splitting appears to be a 

desirable option for storing the copious amounts of sunshine that fall upon the Earth. 

Water is the most common substance on earth, and the sun is the greatest source of 
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energy [458]. In recent years, semiconductor photocatalysis has expanded interest as a 

possible answer to the world's pressing energy problems. 

In this regard, there has been extensive research into the morphological changes of 

semiconductor materials comprising metal oxides and metal nitrides for efficient 

photocatalytic water electrolysis [459, 460]. The quantum yield is relatively modest, 

despite numerous materials and methodological efforts to boost it. Photocatalytic water 

electrolysis has been the subject of extensive research regarding various types of 

photocatalysts, including carbon-based materials, metal nitrides, metal oxides and 

conducting polymers. Carbonaceous nanostructures like CNTs, graphene, GO, and many 

more ensure widely adopted due to their atmosphere compatibility and abundant and 

substantial electron transport mechanism [461, 462]. Aimed at photocatalytic H2 

production, Kang et al. showed that amorphous carbon nitride photocatalysts have an 

astonishingly broad visible-light-responsive range [463]. As an analogous example, Silva 

et al. created a carbon nanotubes-TiO2 catalyst to produce H2 from saccharides and 

methanol [464]. Numerous studies reveal that carbonaceous materials play an important 

role in increasing photocatalytic H2 production. Recently, carbon dots have emerged as 

promising candidates for water splitting due to their capacity to efficiently absorb visible 

light, tunability in excitation/emission, and excellent photostability. Carbon 

nanocomposites containing TiO2 were produced by Yu et al. and used to split water using 

ultraviolet (UV) or visible light [465]. An efficient semiconductor photocatalyst is crucial 

for this type of solar H2 generator because it must fulfill many criteria, including (i) a 

lesser band gap near absorbing a broad spectrum of solar light, (ii) proper band alignment 

for the production of H2 from water, (iii) glib charge transport to enable faradaic reaction, 

(iv) strength in aqueous solutions [466]. Among them, carbon-based materials present 

excellent life cycles/stability [467]. The present work select BSC as the carbon-based 
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material, a low-cost and commercially available material. Soot carbon is a strong absorber 

of UV light. Ta3N5 is a visible light photocatalyst immobilized with biomass soot carbon 

to increase the absorption of UV light also. Physiochemical structures of activated 

carbons and extensive specific surface area can enhance the photocatalytic process. This 

is typically due to the rise in contact surface area. While conducting polymers have a 

substantially larger capacitance, their cycle stability is low because of the 

pseudocapacitance of the redox reaction [468]. In recent years researchers have been 

focusing on metal nitride carbon conducting polymer as photocatalyst materials to combat 

these issues. These materials are exposed to a significant increase in photocatalytic 

activity, resulting in a high yield of H2 evolution. The BSC acts as the backbone to sustain 

and provide a dependable electrical connection to polyaniline (PANI) and as an active 

material to offer the necessary double-layer capacity [469]. Tantalum nitride (Ta3N5), 

characterized by its favorable band positions and an appropriate band gap of 2.1 eV, 

exhibits exceptional potential as the leading visible-light photocatalyst for efficient water 

splitting. However, Ta3N5 has many limitations that prevent it from being widely used, for 

example, due to its high charge recombination rate, tantalum nitride (Ta3N5) suffers from 

low photocatalytic activity and poor photostability. Numerous methods, including 

manufacturing of shape/size, doping of metal, and pairing with other catalysts, are used to 

advance Ta3N5 the photocatalytic performance. It has been shown that merging Ta3N5 

with other cocatalysts to construct composites is the most operative strategy [470]. Recent 

research efforts have focused on photocatalysis techniques to mitigate these drawbacks. 

Over the past few years, the exponential development of publications demonstrates the 

growing interest in immobilizing photocatalysts in porous carbon materials [471, 472]. 

Zhong et al. constructed a GaN/Ta3N5 composite and found that GaN dramatically 

improves the stability of Ta3N5 water-splitting capability [473]. Hou et al. used chemical 
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in situ phase-induced etching to fabricate core-shell Ta3N5@NaTaON heterojunctions 

with excellent photocatalytic activity [474]. However, in the Ta3N5 system modification, 

it is pretty of considerable awareness to discover further proficient materials aimed at 

enhancing photocatalytic activity and stability of Ta3N5 photocatalyst. Given these 

considerations, the present research was planned to optimize H2 production using 

Ta3N5/BSC core-shell structure with PANI composite photocatalyst. BSC supports Ta3N5 

outstanding, distinctive surface properties, such as superior electrical conductivity, easily 

tunable functional groups and chemical stability. Also, BSC has an electron-conductive 

nature that can help to reduce the quick recombination of the electron-hole pair [475]. 

Here, PANI is used as the conductive polymer known for many intriguing qualities, 

including high conductivity, exceptional environmental constancy, and ease of 

manufacture. PANI (polyaniline), known for its affordability, exhibits a high absorption 

coefficient for visible light and excellent charge transport capabilities. Furthermore, PANI 

effectively serves as a hole acceptor and an electron donor when exposed to visible light 

[476]. PANI is a good material for improving photocatalyst performance and charge 

transfer efficiency due to its distinct properties. Ta3N5/BSC@PANI is obtained via facile 

synthesis, and its optical, morphological, structural, and photoelectrochemical properties 

are all well-characterized. It has also been effectively used in photocatalytic and PEC 

measurements to create hydrogen. 

4.2.Experimental Section 

4.2.1. Materials 

Biomass of peanut shells, Ta2O5 (99% Sigma-Aldrich), Ethanol, Hydrochloric acid 

(HCl), Aniline (Lobachemie), ammonium peroxydisulfate ((NH4)2S2O8 from CDH), 

Acetone, and Methanol (99%, LiChrosolv Merck) used as sacrificial agent. Entirely 

chemical was readily accessible and directly utilized without pretreatment. Glass 
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plates were cast off as a substrate to manufacture photoelectrodes (PEs) ITO (Merck). 

Sulphuric acid (99%), sodium sulphate, potassium hydroxide, purchased from CDH 

PVT Ltd. was used to examine electrochemical and photoelectrochemical (PEC) 

studies. All reagents were synthesized using ultrapure deionized water from Millipore, 

and the glassware was cleaned. 

4.2.2. Instrumentation 

The electronic excitation of Ta3N5 and Ta3N5/BSC@PANI composite is examined by 

Analytik Jena, Specord UV-Vis spectrophotometer. The infrared absorption spectrum 

was obtained using a Fourier transform infrared (Perkin Elmer) spectrophotometer to 

identify structural characteristics of the synthesized materials in the 1000-4000 cm
-1

 

range. At ambient temperature, the excitation wavelength of 390 nm was used using a 

photoluminescence (PL) spectrophotometer (Perkin Elmer) to record light emission. 

The phase empathy was performed with an X-ray diffractometer (Bruker) using Cu kα 

(λ=1.540 Å) as the radiation basis. The morphology of Ta3N5 as-synthesized and 

Ta3N5/BSC/PANI was studied using a field emission scanning electron microscope 

(FE-SEM, JEOL). The electrochemical characteristics of Ta3N5 and 

Ta3N5/BSC@PANI were dignified by fabricating PEs discussed below. Three-

electrode configurations were used to examine the impedance performance of the PEs, 

where PEs existed as working electrodes, Pt and Ag/AgCl as counter electrodes, and 

as reference electrodes. 

4.2.3. Preparation of photocatalyst 

4.2.3.1. Synthesis of biomass soot carbon 

The biomass soot carbon is synthesized by carbonization using biomass of Arachis 

hypogaea (peanut) shells at 200 °C temperature for 3 h in the presence of inert 

atmosphere to eradicate volatile organics and moistness. Further, to carbonise solid 
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biomass into biomass carbon, heat it to 800°C for 3 hours. Once the reaction cooled 

down gained biomass carbon chunks were drenched in 0.5 M HCl for 5 h and washed 

with deionized water and ethanol and, finally dried at 100 °C in air. Finally, biomass 

soot carbon was formed. A product similar to charcoal produced by biomass 

pyrolysis, biomass soot carbon is composed mainly of carbon. Pyrolysis is a 

thermochemical conversion of biomass in the absence of O2 to produce energy 

products, in which biomass is heated at high temperature (frequently 450°-750°C). 

Biomass soot carbon preserves the novel structure of the feedstock, but the porosity 

has increased. 

4.2.3.2. Synthesis of Ta3N5 

Ta3N5 was synthesized via ammonolysis. Here amorphous tantalum pentaoxide 

(Ta2O5) was used as a precursor. Initially, a solution of Ta2O5 in 150 ml of ethanol 

was prepared and subjected to magnetic stirring for a duration of 45 minutes. 

Subsequently, the reaction mixture was transferred to a Teflon-based autoclave 

hydrothermal reactor and maintained at a temperature of 150°C for a period of 7 

hours. After cooling to room temperature, the resulting white precipitates were 

collected, filtered, purified, and then dried at 100°C for 2 hours. Ammonolysis was 

carried out in a muffle tube furnace by exposing the precipitates to an ammonia flow 

rate of 30 ml/min at a high temperature of 850°C for 8 hours. Finally, Ta3N5 

nanoparticles were received. 

4.2.3.3. Synthesis of PANI by in-situ chemical oxidative polymerization 

process 

The chemical techniques through which PANI can be synthesized bring their benefits. 

PANI, for instance, can be fabricated in large quantities and powder form via a 

chemical procedure. Solution #A was made by adding 2.61 ml of aniline monomer 
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(C6H5NH2) and 14.94 ml of hydrochloric acid (HCl) (37% w/v) to 144 ml of 

deionized water and stirring the mixture constantly for 15 minutes. To make a 

transparent solution (labeled solution #B) of ammonium persulfate (APS) 

((NH4)2S2O8, 98%), 1.641 g of APS was liquified in 36 ml of DI water and the 

mixture was agitated continuously for 15 minutes. Then, solution B was added rapidly 

to solution A, and the mixture was agitated vigorously for the next 50 min. After that, 

the entire solution was left aside for 24 h in a cool, dark environment. After being 

centrifuged at 3000 rpm for 5 min in deionized water, the product was filtered by 

collecting the precipitate. Washing with DI water and centrifugation operations were 

repeated twice to eliminate any lingering oxidants and oligomers from the products 

(each time 15 min of centrifugation at 3000 rpm). Another 24 h were spent storing the 

final collected product in the dark at ambient temperature. The dark green solution 

was then dried at 60 °C for 12 h, and the resulting powder was saved for further 

analysis. 

4.2.3.4. Synthesis of Ta3N5/BSC and Ta3N5/BSC@PANI composites  

The prepared Ta3N5 and 10 wt% BSC were mixed mechanically in a vibration mill for 

10-15 min to get a uniform mixture of Ta3N5/BSC composite. Using the 

chemisorption technique, Ta3N5/BSC core-missile structure with PANI was 

fabricated. In 50 ml of tetrahydrofuran, 0.3 g of Ta3N5/BSC nanoparticles and a 

known quantity of PANI were combined, sonication for duration of 1 hour, followed 

by continuous stirring for a period of 24 hours and the reaction temperature was fixed 

at 60 °C. The mixture was kept in oven and dried for 3 h at 80 °C. Finally, 

Ta3N5/BSC/PANI composite was synthesized. Ta3N5/BSC core-missile structure with 

PANI was fabricated via the chemisorption method. In 50 ml of tetrahydrofuran, 0.3 g 

of Ta3N5/BSC nanoparticles and a known quantity of PANI were combined, sonicated 
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for one hour followed by swirling for 24 hours. After removing the solvent, the 

mixture was dried at a temperature of 80 °C for a duration of 3 hours. Finally, a 

Ta3N5/BSC/PANI composite was prepared. 

4.2.4. Photoelectrochemical study 

To prepare the working electrode, a slurry consisting of 0.2 g of photocatalyst and 

0.02 g of methyl cellulose in ethanol was coated onto an indium-tin-oxide (ITO) 

glass. The coated electrode was then dried at a temperature of 110 °C for a duration of 

50 minutes. For the experiment, an electrochemical workstation (Metrohm) with a 

three-electrode system was employed. The reference electrode used was SCE, the 

counter electrode was Pt flake, and the electrolyte was a 0.1 M Na2SO4 aqueous 

solution. To maintain a pH of 3 and eliminate dissolved oxygen, nitrogen gas was 

continuously poured into the system. The experimental setup included a 300W Xe 

lamp with a 410 nm cutoff filter to provide illumination. A 10-mV perturbation signal 

was applied, and the frequency range for measurement was set from 100 kHz to 0.01 

Hz, as indicated by the Nyquist plots. The applied potential during these 

photoelectrochemical studies was 0.5 V relative to Ag/AgCl. 

4.2.5. Photocatalytic activity  

Tests were performed in a sealed quartz reactor containing a catalyst (0.2 g) and 

water/methanol (used as sacrificial agents) mixture (50:50) for an overall reaction 

volume of 10 ml to evaluate photocatalytic activity (H2 generation) of the synthesized 

materials. In order to get rid of the dissolved oxygen, we first degassed the reactor 

with Ar gas for 15 minutes before exposing it to UV (120 W Hg arc) and visible light 

(80 W LED). Flowing cold water linked to the reactor was used to control the reaction 

temperature. Then, substances were put into the quartz-covered reactor. The 

experiment proceeded with continuous stirring. The amount of H2 evolution was 
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analyzed using gas chromatography with a thermal conductivity detector (GC-TCD). 

The temperature was sustained at 30°C for the column, injector, and detector. In 

addition, material photocatalytic activity recycling experiments were carried out, with 

the photocatalyst being centrifuged back into its original form after each use. 

4.3. Results and discussion 

4.3.1. Characteristics analysis of the synthesized materials Ta3N5 and 

Ta3N5/BSC@PANI 

Fig. 4.1 (A) illustrates the UV-visible absorption spectrum of Ta3N5 and Ta3N5@PANI 

composites. Ta3N5 bare photoabsorption capacity in visible light range around 600 nm, as 

mentioned previously [477]. Ta3N5@PANI absorption intensity in visible light areas steadily 

improved after assortment with PANI.  It has been known for quite some time that PANI 

absorbs visible light (This can be attributed to the propensity of Ta3N5 to facilitate electron 

transitions in polyaniline, specifically to the π* band from the polaron band) [478]. In order 

to boost its photocatalytic activity, the Ta3N5@PANI composite achieved a higher light 

harvesting ability. Fig. 4.1(B) confirms FT-IR spectra analysis of Ta3N5, Ta3N5/PANI and 

Ta3N5/BSC@PANI composites. The presence of Ta3N5 was verified by the presence of a 

peak at 918    , corresponding to the stretching mode of the Ta-N bond [479]. Peak 

achieved at 1057     , 1220      and 1300      were ascribed toward plane bending 

vibration of C-O-C, C-N stretching mode in the benzenoid unit [480]. Band at 1472      

accredited to C-H bending mode on behalf of the benzenoid unit, and band at 1560 

     were ascribed to the C=C stretching. The band observed at 1698       was assigned to 

the stretching vibration of the C=O bond in the conjugated system. The chemical structure of 

the PANI deposit and biomass soot carbon powder is characterized. Characteristic peaks at 

3742      are observed in the FTIR spectrum of N-H stretching; and 3649      these peaks 

can be ascribed to –OH stretching (free molecule) and C–H (2975    ) stretching modes. 
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The characteristic peaks at 1698      of C=O and 1649      of C=C stretching correspond 

toward the benzene ring, respectively, C–C–O (1057     ) stretching modes [481]. The 

band at 1510      was allocated to the C=N mode of stretching in a secondary aromatic 

amine [482]. Consequently, these FTIR spectrum results validated that PANI was prepared in 

our experiment. To examine the migration, trapping, and pairing of photogenerated charge 

carriers, this study employs the PL emission spectra of synthetic materials stimulated at 390 

nm, as illustrated in Figure 4.1(C), PL emission peaks traced roughly 675 nm confirms the 

presence of Ta3N5, which match with the previous study [483]. When Ta3N5 was aggregated 

with polyaniline, have smaller emission intensities than that of pure Ta3N5 at the same 

position. Theoretically, more photocatalytic activity can be achieved with lower PL intensity 

because it suggests a lower recombination rate of photogenerated charge carriers [484]. XRD 

shows (fig.4.1 (D) crystallinity structures of the synthesized materials (Ta2O5, synthesized 

Ta3N5, BSC, PANI, and Ta3N5/PANI/BSC). The foremost diffraction peaks detected at 2θ 

values of 23.8°, 28.3°, 28.8°, 36.7°, 38.3°, 46.9°, and 49.9° designate that the synthesized 

Ta3N5 occurred in the form of orthorhombic [485, 486]. The XRD graph exhibited no 

contamination peaks, indicating the complete conversion of Ta2O5 to Ta3N5 [487]. PANI and 

BSC don‟t show any effect on the crystalline structure of the Ta3N5 because the peak 

obtained in XRD patterns of Ta3N5/BSC and Ta3N5/BSC/PANI was similar to those of Ta3N5, 

correspondingly. 
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Fig. 4.1 (A) UV-visible absorptions spectra, (B) FTIR-Spectrum, (C) Photoluminescence 

(PL) Spectra and (D) XRD patterns of the synthesized materials. 

Fig. 4.2 (a-d) displays the results of Surface analyses of all the fabricated materials 

characterized via FE-SEM. SEM shows the morphology and microstructure of pure Ta3N5, 

Ta3N5/PANI. Fig. 4.2 (a) shows the pristine Ta3N5 appearance, looking like a massive layered 

particle with a flocculent lamellar structure [488]. (b) The SEM images of Ta3N5/PANI 

fibrous morphology show that as a nanocomposite PANI covering the Ta3N5 surface. (c) 

Shows SEM images of BSC block-like structures are obtained. Moreover, (d) 

Ta3N5/BSC/PANI shows the neurons-like surface morphology with high porosity, which 

clearly indicates the presence of carbon [489, 490]. 
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Fig. 4.2 FE-SEM morphology: (a) Ta3N5, (b) Ta3N5/PANI, (c) BSC, and (d) 

Ta3N5/BSC/PANI 

The High-Resolution Transmission Electron Microscopy was used to analyse the structure of 

the nanocomposite. The transparent spherical shape of the Ta3N5 particles, and mixed 

spherical and rod like shape of the BSC on the surface of Ta3N5 were observed in the 

microscopy. The formation of composite between Ta3N5 and BSC and the core shell layer of 

PANI wrapping the Ta3N5/BSC were clearly visible in Fig.4.3 results indicates the formation 

of Ta3N5/BSC@PANI core shell structure was successfully synthesize. 
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Fig.4.3. HRTEM imaging of (a) Ta3N5/BSC and (b) Ta3N5/BSC@PANI nanocomposites 

Nyquist plots of electrochemical impedance spectra (EIS) are presented in Fig. 4.4. Ta3N5, 

and Ta3N5/BSC@PANI composites were tested to understand their transfer resistance and 

interfacial charge separation. In general, photogenerated e
-
-h

+
 pairs are separated more 

efficiently, and charge transfer resistance is reduced at a smaller arc radius [491]. 

Ta3N5/BSC@PANI composites have a lower arc radius than primeval Ta3N5, indicating 

advanced photocatalytic activity due to decreased charge transfer resistance in the 

photocatalyst composite. 



 

146 
 

 

Fig. 4.4 The EIS Nyquist plots of synthesized materials 

4.3.2. Experimental yield of photocatalyst 

Fig. 4.5 demonstrate    production of photocatalytic bustle of fabricated Ta3N5, and 

Ta3N5/BSC/PANI composites in visible light radiation (λ > 410 nm). As demonstrated in Fig. 

4.5. (A), upon the irradiation of visible light the    production ratio of Ta3N5 with 22.5 

          .    Evolution enactment of Ta3N5 was considerably superior to later alteration 

with BSC and PANI. The Ta3N5/BSC@PANI composite demonstrates the highest 

photocatalytic H2 production rate, with a value of 76.9           . This value is 3.42 times 

greater than that of pristine Ta3N5. Moreover, we observed good photocatalytic stability of 

Ta3N5 and Ta3N5/BSC/PANI composite for H2  production by photocatalysis when exposed to 

visible light. The quantity of H2  production of Ta3N5/BSC/PANI was almost unaffected even 
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after six cycles, according to the evidence in fig 4.5. (B), indicating the brilliant stability of 

the sample due to the presence of carbon and polymer (polymer prevents the metal nitrides 

from self-photo corrosion during the reaction). Nevertheless, the photocatalytic    ratio of 

Ta3N5 was apparently shrunk, mainly recognized to the self-photo corrosion. Throughout the 

reaction process, According to the following equation, Ta3N5 might be converted to Ta2O5 if 

photogenerated holes oxidised the nitrogen anions [492]. 

                                                                                        (4.1) 

 

 

Fig. 4.5 (A) The photocatalytic H2 evolution rate after being exposed to visible light for 3 

h of reaction and (B) Reusable photocatalytic activity of Ta3N5, Ta3N5/BSC/PANI 

4.3.3. Boosted photocatalytic mechanism 

Based on the foregoing experiment, Fig. 4.6 proposes a mechanism for improved 

photocatalytic H2 production by Ta3N5/BSC@PANI nanocomposite under solar light (UV & 

visible). Under visible light irradiation, Ta3N5/BSC and PANI create electrons and holes. 

PANI Photogenerated electrons directly relocate to Ta3N5 CB because of the synergic impact 

of their relative energy levels (LUMO and HOMO). On the Ta3N5 surface, hydrogen is 
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formed through photogenerated electrons. Excited holes go from Ta3N5 VB to PANI HOMO 

simultaneously. PANI easily transports holes toward the surface and captures them with the 

sacrificial regent. The steady interfacial contact between Ta3N5 and PANI may help 

interfacial charge carriers migrate [493]. Moreover, the holes deposited on the PANI surface 

further develop the photostability of Ta3N5 (hole-induced photocorrosion). Charge transfer 

inhibited photogenerated electron-hole pair recombination, improving photocatalytic 

efficacy. Ta3N5/BSC@PANI photocatalyst is appealing enough to use the complete spectrum 

of sunlight efficiently. 

 

Fig. 4.6 The mechanism of Ta3N5/BSC@PANI composite photocatalyst for H2 evolution 

A list of several carbons based and protected with polymer composites photocatalysts (UV 

and visible light driven) is mentioned in Table 4.1.as well as their photocatalytic application 

on water splitting for H2 evolution rate with different reaction conditions. 

Table 4.1 Comparison data of different types of carbon and polymers with conjugated 

pair-based photocatalysts triggered by UV and visible light for HER. 

Photocatalyst Light 

Source 

Reaction 

Temp. 

Vulture Reactant Medium H2 production 

Yield (µmolg
-1

h
-1

) 

Ref. 

CdS/Au/ZnO UV Xe 

Lamp 

RT Na2S/Na2SO3 Na2S/Na2SO3/H2O 60.8 [494] 
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BiTaO4 

nanoplates 

UV Xe 

Lamp 

5 °C TEA TEA/H2O 

 

70 [495] 

CoxN/Ta3N5 300 W Xeon 

Lamp 

RT Methanol CH3OH/H2O 75.69 [496] 

Ta3N5 UV Mercury 

Lamp and 

visible light 

(LED bulb) 

RT Methanol CH3OH/H2O 22.5 This 

study 

Ta3N5/BSC@PA

NI 

UV Mercury 

Lamp and 

visible light 

(LED bulb) 

RT Methanol CH3OH/H2O 76.9 This 

study 

 

4.4. Conclusions 

The novel work described here improves and expands the use of carbon-based (biomass 

utilised to make the useful carbon) metal nitride as a potentially cost-effective, stable, and 

eco-friendly material for H2 production. This research utilized a chemisorption process to 

fabricate Ta3N5/BSC core-shell composite with PANI Photocatalysts. The results suggested 

that incorporating carbon and PANI into Ta3N5 could significantly improve the material 

photocatalytic activity. Ta3N5/BSC@PANI had a maximum visible light photocatalytic 

production amount of H2  is 76.9           . This obtained yield in case of composite 

photocatalyst Ta3N5/BSC@PANI is 3.42 times greater than pure Ta3N5 (22.5          ). 

Ta3N5/BSC@PANI nanocomposite showed remarkable photostability and reusability. A 

synergistic effect, consisting of strong interfacial interaction, which increased visible, and 

absorption of UV light, effective split-up of pairs of electron-hole, and acidic holes relocated 

from the Ta3N5 surface to the PANI surface (to inhibit the self-photocorrosion), was found to 

be accountable for the better photocatalytic activity. The results indicate that the 

Ta3N5/BSC@PANI nanocomposite shows potential UV and visible light photocatalyst aimed 

at H2 photocatalytic production. Due to carbon excellent availability, low toxicity, good 
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stability and photocatalytic and PEC capability, it can compete with and even exceed other 

reported materials (mentioned in Table 4.1). The research also paves the way for this novel 

supporting/sensitizer to be used in several solar-powered applications. 
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Chapter 4 section B 

Section 4 (B) 

Fabrication & characterization of V, S co-doped Ta3N5 protected with PANI 

Photocatalyst for water splitting process 

4.1. Introduction 

The rising global need for energy and the associated with environmental problems it is 

essential to the development of renewable and eco-friendly energy systems [497, 498]. Due 

to its properties as a carbon-free and sustainable energy source, Hydrogen is currently 

recognized as the most promising alternative to conventional fossil fuels [499]. As a result, 

there has been significant research focus on developing strategies for the direct conversion of 

abundant solar energy into hydrogen. The concept of utilizing particulate semiconductor 

photocatalysts for solar-driven water splitting, enabling the production of hydrogen through a 

single-step photoexcitation process, is widely acknowledged. TiO2, NaTaO3, Ge3N4, GaN, 

K2La2Ti3O10, CdS, NaNbO3, ZnO2, g-C3N4, and SrTiO3 are only some of the photocatalysts 

that have been investigated for photocatalytic water splitting [500]. Because of its versatility, 

long-term stability, and non-toxicity, tantalum nitride (Ta3N5) has garnered significant 

attention as a photocatalyst for photochemical applications [501]. At last, it all comes down 

to how much you value your time. If you're like most people, you probably don't have a lot of 

time to waste on things like reading lengthy articles. Several photocatalytic systems have 

been reported, however most of them merely create H2 or O2 by half-splitting water. Solar 

water splitting devices rely on photocatalysts with band gaps of approximately 2.0 eV, 

reflecting the minimal energy required to excite one electron from the VB to the CB [502]. In 

recent times, there has been a growing focus on tantalum nitride (Ta3N5) as a highly 

promising photocatalyst for water splitting. This can be attributed to its favorable band gap 

energy of approximately 2.1 eV, enabling efficient absorption of visible light up to 600 nm. 
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Ta3N5 theoretical efficiency in converting solar energy is close to 16%, suggesting the photo 

catalyst will find widespread use in the future [503]. In a nutshell, the Ta3N5 gadget 

demonstrates the capability to simultaneously split H2O into H2 and O2. Ta3N5 is more stable 

and less hazardous than materials with a narrower band gap, like as CdSe and CdS. 

Although, as a single photocatalyst, the water splitting method using Ta3N5 has been 

confronted with several obstacles such as quick recombination, small charge transfer 

capacity, and self-photo corrosion (reduced stability), In an electrolyte solution, the generated 

holes have the potential to oxidize the nitrides present in Ta3N5 [504]. Numerous strategies 

have been employed to overcome these challenges such as doping with metals (Cr, Fe, Mn, 

Pd, etc.,), non- metals (C, N and S) etc., of the Ta3N5 lattice will improve internal quantum 

transmission, electrons trapping, and to extend the light absorption in the visible region 

thereby decreasing the recombination of the photo generated electrons and holes, thus 

enhance the photocatalytic activity of the photocatalysts [505]. The band gap can be greatly 

reduced by the combination of V, S-doped Ta3N5, leading to improved photocatalytic 

activity. Consequently, a novel composite of V@S-Ta3N5/PANI was synthesized in this study 

through mechanical and in-situ polymerization method using vanadium pentaoxide and 

thiourea as a precursor for doping vanadium and sulfur. 

The vanadium-sulfur codopant into Ta3N5 has not been employed in any previous research to 

the best of our knowledge. Earlier, vanadium used as a dopant into TiO2 lattice [506]. Ti
3+

 

and V
4+

 were created when the migration of V dopant into the lattice of TiO2, which 

increased the photocatalyst's capacity for generating electron-hole pairs and decreasing their 

chances of recombining. To enhance the photocatalytic activity of Ta3N5 for efficient solar 

light-driven water splitting, we utilized V as a dopant due to its capability to migrate to the 

Ta3N5 lattice, similar to the function performed by the V dopant in the TiO2 lattice. Visible-

range photocatalytic applications also frequently employ nonmetal doping using S [507] or N 
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[508]. In a similar manner to Ta3N5, Umebayashi et al. reported that substituting oxygen with 

sulfur (anionic doping) causes a significant red-shift in the absorption edge [509]. Ab initio 

band calculations reveal that this narrowing of the band gap is attributed to the increase in the 

VB through the mixing of the valence band with the S 3p states. A different, more speculative 

method relies on the orbitals of the dopant atoms to create a distinct mid-gap level above the 

VB. 

With the flexibility to combine the mechanical and chemical characteristics of polymers 

including the electronic capabilities of semiconductors and metals, conducting polymers 

provide intriguing potential for technological applications [510]. Modern research is focused 

on improving the mechanical strength and chemical stability of such polymers by introducing 

metals or metal oxides through electrochemical or chemical processes, hence adjusting their 

electrical characteristics [511]. These hybrid systems, known as organic-inorganic hybrids or 

composites, have emonstrated immense potential as versatile materials for a range of 

applications, including super capacitors, solar cells, photocatalysis and sensors [512]. 

Conducting polymers (polyaniline (PANI), polythiophene, polypyrrole and their derivatives) 

having extended -conjugated electron systems, have recently emerged as promising 

sensitizers for enhancing response of photocatalysts to visible light like TiO2, CdSe and ZnO 

[513, 514]. This study expands the usefulness of such hybrids by using PANI, a well-known 

conducting polymer, as an organic component due to PANI adjustable electrical and chemical 

characteristics, simplicity of production, and high efficiency [515]. 

The second goal of our research is to improve the photocatalytic activity of the synthesised 

materials to achieve efficient solar light-driven water splitting by sensitising the V [516]. In 

order to enhance charge transfer efficiency and inhibit recombination of photogenerated 

electrons and holes in the V and S-doped Ta3N5 photocatalyst, PANI was employed [517]. 

This approach helps prevent the oxidation of nitrides in Ta3N5, thereby avoiding self-
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photocorrosion of Ta3N5 in the electrolyte solution and increasing its stability. The holes 

generated by the V and S-doped Ta3N5 system can be efficiently transported to the PANI 

surface. 

4.2. Materials and methods 

4.2.1. Materials 

Tantalum nitride (nanoshell 99.9%), Vanadium pentaoxide (Loba Chemie), thiourea (CDH), 

Aniline (Merck), Ammonium persulfate (CDH), Ferric chloride (CDH), Hydrochloric acid 

(Loba Chemie), Acetone (Merck) and methanol (99%, LiChrosolv Merck), Deionized water. 

Entirely chemical was readily accessible and directly utilized without pretreatment. Glass 

plates were cast off as a substrate to manufacture photoelectrodes (PEs) ITO (Merck). 

Sulphuric acid (99%), sodium sulphate, potassium hydroxide, purchased from CDH PVT Ltd. 

was used to examine electrochemical and photoelectrochemical (PEC) studies. All reagents 

were synthesized using ultrapure deionized water from Millipore, and the glassware was 

cleaned. 

4.2.2. Instrumentation 

Powder X-ray diffraction (XRD) using a Rigaku diffractometer with Cu k  (=1.540 ) 

radiation was utilised to assess the crystallinity and purity of the generated samples. Analytik 

Jena, Specord UV-Vis diffuse reflectance spectroscopy (DRS) is used to analyse the 

electronic excitation of synthetic materials and derive band gap energy. FTIR spectra were 

collected from 400 to 4000 cm
-1

 using a Perkin Elmer IR instrument. The images were 

captured using a Hitachi FE-SEM scanning electron microscope (SEM) (SU-4800). Our EIS 

experiments were performed on an electrochemical workstation (CHI VMP3B-20) with a 

conventional three-electrode set-up (an Ag/AgCl reference electrode, a platinum wire 

auxiliary electrode and a working electrode). The Perkin-Elmer (LS55) Fluorescence 

spectrometer was used to record the results of the photoluminescence (PL) experiments. 
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4.2.3. Synthesis of Photocatalyst Materials 

4.2.3.1. Synthesis of the doped and co-doped Photocatalyst 

V-doped Ta3N5 were prepared by mechanically in a vibration ball milling mixing method 

after grind for 15 min, Ta3N5 (2g) and V2O5 (0.05g) were added in 150 mL of deionized 

water under stirring to obtain a homogeneous mixture. After the reaction, the mixture was 

stirred continuously at room temperature for 24 hours. Following this, the reaction mixture 

was filtered and dried. The resulting powder was subjected in a tubular muffle furnace to 

calcination at 900 °C for 8 hours, resulting in the formation of the final product, V-Ta3N5. 

Similar experiment was repeated for the synthesis of S-doped Ta3N5. Here thiourea was used 

as a precursor for the S dopant. V@S-Ta3N5 were prepared by ball milling mechanical mixing 

method after grind in ball milling for 15 min, Ta3N5 (2g),  V2O5 (0.05g) and thiourea (0.15g) 

were added in 250 mL of deionized water under stirring to obtain a homogeneous mixture. 

The reaction mixture was continuously swirled at ambient temperature for 24 h. 

Subsequently, this reaction mixture was filter and dry. The obtained powder was calcinated at 

900 °C for 8 h in a tubular furnace to get the final product V@S-Ta3N5. 

4.2.3.2. Preparation of PANI 

A [HCl]/[aniline] ratio of 6 was used to dissolve 35 wt% HCl (20 mL) and aniline (2.0 g) in  

distilled water (200 mL), yielding pure PANI. Over the course of three hours, of ammonium 

persulfate ((NH4)2S2O8, 4.8 g) and ferric chloride (FeCl3, 3.75 g) were added while being 

constantly agitated. After that, we let the mixture at least 10 hours to polymerize while sitting 

at room temperature. The resulting reaction product was separated through centrifugation and 

subsequently washed with  HCl (1M), deionized water, and acetone until the filtrate became 

colorless. It was then dried under vacuum conditions at 60 °C for 24 hours, resulting in the 

formation of a dark green powder of PANI. 
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4.2.3.3. Synthesized materials protected with PANI 

Synthesis of V@S-Ta3N5/PANI using the chemisorption technique, V@S-Ta3N5 core-missile 

structure with PANI was fabricated. In 50 ml of tetrahydrofuran, 0.32 g of V@S-Ta3N5 

nanoparticles and a known quantity of PANI were combined, sonicated for 1 h followed 

stirring for 24 h. The mixture was placed in an oven and subjected to drying at 80 °C for a 

duration of 3 hours. Finally, V@S-Ta3N5/PANI composite was fabricated.  

4.2.4. Photoelectrochemical study  

The working electrode was fabricated by applying a slurry of 0.25 g photocatalyst and 0.023 

g methyl cellulose in ethanol onto an indium-tin-oxide (ITO) glass substrate, which was then 

dried at 120 °C for 60 minutes. The experiment was carried out using an electrochemical 

workstation (Metrohm) equipped with a three-electrode system (Na2SO4 (0.1 M, aq.) serving 

as the electrolyte, SCE serving as reference electrode, and Pt flake serving as the auxiliary 

electrode). Also, maintain the pH at 3 and pour nitrogen gas to eradicate the dissolved 

oxygen. The scene was illuminated by a 300W Xe lamp, which had a 410 nm cutoff filter. A 

measurement was conducted using a 10 mV perturbation signal within a frequency range of 

100 kHz to 0.01 Hz, as indicated by the Nyquist plots. These photoelectrochemical studies 

employed an applied potential of 0.5 V relative to Ag/AgCl. 

4.2.5. Photocatalytic activity 

Tests were performed in a sealed quartz reactor containing the catalyst (0.25 g) and water for 

an overall reaction volume of 10 ml to evaluate photocatalytic activity (   evolution) of the 

synthesized materials. In order to get rid of the dissolved oxygen, we first degassed the 

reactor with Ar gas for 15 minutes before exposing it to visible light (80 W LED). Flowing 

cold water linked to the reactor was used to control the reaction temperature. Then, 

substances were put into the quartz-covered reactor. The experiment proceeded with 

continuous swirling. The quantity of    evolution was scrutinized by gas chromatograph 
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(GC-TCD). The temperature was fixed at 30°C for the column, injector, and detector. In 

addition, material photocatalytic activity recycling experiments were carried out, with the 

photocatalyst being centrifuged and dry in oven back into its original form after each use. 

4.3. Results and discussion 

4.3.1. Characteristics analysis of the synthesized materials  

4.3.1.1. Photoluminescence (PL) study 

To determine the recombining ability, migration, and excitons transfer, experts perform 

photoluminescence spectroscopy (PL). A decrease in PL intensity suggests that the rate of 

reintegration of charge carriers is slower, resulting in improved photocatalytic efficacy in the 

composites [518]. The PL spectra of the produced composites were examined with an 

excitation wavelength of 370 nm. As seen in Fig. (4.1), [519] all of the photocatalysts 

exhibited an emission peak about 545 nm.  
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Fig. 4.1 shows PL spectra of the pure Ta3N5, V and S doped- Ta3N5, V@S-codoped 

Ta3N5 and V@S-Ta3N5/PANI composite materials 

We found that the intensity orders of photocatalysts were in the following sequence: V@S-

Ta3N5/PANI ˂ V@S-Ta3N5 ˂ S-Ta3N5 ˂ V-Ta3N5 ˂ Ta3N5. In comparison to the other 

samples, the PL intensity of the V@S-Ta3N5/PANI composite is the lowest, whereas that of 

pure Ta3N5 is the greatest. Due to the fact that the emission intensities of Ta3N5 aggregated 

with polyaniline are lower than those of pure Ta3N5 in the same position, these findings 

demonstrated that V@S-Ta3N5/PANI has good charge separation, allowing for a notable 

improvement in the Photocatalytic or electrocatalytic activity. As a result, V@S-Ta3N5/PANI 

excels as a photo (electro) catalyzer when exposed to sunlight light. 

4.3.1.2.Fourier transform infrared (FTIR) study 

Fig. (4.2) Confirms FT-IR spectra of pristine Ta3N5 doped and co-doped Ta3N5 and the 

500 550 600 650 700

0

20

40

60

80

100

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

 (Ta3N5)

 (V-Ta3N5)

 (S-Ta3N5)

 (V@S-Ta3N5)

 (V@S-Ta3N5/PANI)



 

159 
 

synthesized materials sensitized with PANI composite. Ta3N5 existence was confirmed by the 

pinnacle observed at 918 cm
-1

 because of the stretching mode of the Ta-N bond [520]. In the 

quinone unit, the stretching vibrations of C=N bonds produce the 1576 cm
-1

 band. C=C 

stretching vibrations are represented by the pinnacle at 1496 cm
-1

, and C-H bond stretching 

vibrations in the phenyl ring are represented by the peak at 825 cm
-1

 [521].  Peak achieved at 

1057     , 1220      and 1300      were ascribed toward plane bending vibration of C-

O-C, C-N stretching vibrations in the benzenoid unit [522, 523]. The band at 1698 

     were accredited to C=O stretch for the conjugated system [524]. The chemical structure 

of the PANI deposit is characterized. Characteristic peaks at 3742      are observed in the 

FTIR spectrum of N-H stretching; and 3649      these peaks can be ascribed to –OH 

stretching (free molecule) [525] and C–H (2975    ) stretching modes. The characteristic 

peaks at 1698      of C=O and 1649      of C=C stretching correspond toward the 

benzene ring, respectively [526]. Peaks at 2361 cm
-1

 are associated with carbon (IV) oxide 

vibrations caused by CO2 in the atmosphere [527]. Consequently, these FTIR spectrum 

results validated that co-doped Ta3N5/PANI composite was prepared in our experiment. 
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Fig. 4.2 demonstrations of FTIR spectrum of the pure Ta3N5, V and S doped- Ta3N5, 

V@S-codoped Ta3N5 and V@S-Ta3N5/PANI composite materials. 

4.3.1.3. UV–visible diffuse reflectance spectroscopy (DRS) study 

Fig. (4.3) illustrates the UV-visible absorption spectra of undoped Ta3N5 doped, co-doped 

and composites photocatalysts. An efficient photocatalyst has several characteristics, 

including a narrow band gap, high migration rate, low recombination, strong segregation of 

the photogenerated excitons, and maximum optical absorption. Ultraviolet-visible diffuse 

reflectance spectroscopy was employed to investigate the band-gap and absorption spectrum 

of nano-composite.  
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Fig. 4.3 shows the UV-Vis spectra of the pure Ta3N5, V and S doped- Ta3N5, V@S-

codoped Ta3N5 and V@S-Ta3N5/PANI composite materials. 

The band gap energies of Ta3N5, V-Ta3N5, S-Ta3N5, V@S-Ta3N5, and V@S-Ta3N5/PANI 

were calculated using the Tauc's relation shown in Eqs. (4.1 & 4. 2) [528]. 

                                                                                                                           (4.1) 

                                                                                                                            (4.2) 

   stand for frequency of light 

α stand for the absorption coefficient  

h stand for Planck‟s constant and  

Eg stand for band gap energy 

As shown in Fig. 4.4(A-D) and mentioned in Table 4.1, the band gaps of undoped Ta3N5, 

doped V-Ta3N5, S-Ta3N5, and co-doped V@S-Ta3N5 were evaluated to be 2.15, 1.90, 1.70, 

and 1.56 eV, correspondingly, according to the Tauc formula. It is the optimal photocatalyst 
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since the band gap range is in the visible area (600 nm) [529]. Ta3N5@PANI absorption 

intensity in visible light areas steadily improved after assortment with PANI.  It has been 

known for quite some time that PANI absorbs visible light (due to its affinity for electron 

transitions in polyaniline to π* band from the polaron band) [530]. In order to boost its 

photocatalytic activity, the V@S-Ta3N5@PANI composite achieved a higher light harvesting 

ability. 

 

Fig. 4.4 shows the band gap energies of the (A) pristine Ta3N5, (B) V-doped Ta3N5, (C) 

S-doped Ta3N5 and (D) V@S co-doped Ta3N5 calculated by Tauc plot. 
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Table 4.1 Band gap Energy of undoped, doped and co-doped Ta3N5 calculated by tauc 

plots. 

Photocatalyst Bandgap energy (eV) 

Undoped-Ta3N5 2.15 

V-doped- Ta3N5 1.90 

S-doped- Ta3N5 1.70 

V@S codoped- Ta3N5 1.56 

 

4.3.1.4. X-ray diffraction (XRD) study 

The crystalline structures of the synthesized materials Ta3N5, V-Ta3N5, S-Ta3N5, V@S-

Ta3N5, and V@S-Ta3N5/PANI were analyzed by XRD (fig. (4.5). The foremost diffraction 

peaks detected at 2θ values of 28.8°, 35.8°, 36.7°, 38.8°, 43.9°, 46.9°, and 49.9° designate 

that the synthesized Ta3N5 occurred in the form of orthorhombic [531]. The XRD patterns of 

the synthetically produced doped V-Ta3N5 and S-Ta3N5 photocatalysts exhibit a change in the 

peak location towards a narrower diffraction angle together with peak widening when 

compared to the Ta3N5 sample. This occurred as a result of dopants V and sulphur defecting 

into the Ta3N5 lattice [532]. By swapping out a number of Ta atoms in the lattice, V and S 

may readily integrate into the Ta3N5 structure. In the XRD pattern, there was no sign of a 

contamination peak. Because the peak observed in the XRD patterns of V@S-Ta3N5/PANI 

was comparable to V@S-Ta3N5, PANI had no effect on the crystalline structure of Ta3N5 

[533]. 
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Fig. 4.5 displays XRD data of the pure Ta3N5, V and S doped-Ta3N5, V@S-codoped 

Ta3N5 and V@S-Ta3N5/PANI composite materials. 

4.3.1.5.FE-SEM analysis 

Fig. 4.6 (A-D) displays the results of Surface analyses of all the fabricated materials 

characterized via FE-SEM. SEM divulges the morphology and microstructure of pure Ta3N5, 

doped and co-doped Ta3N5/PANI composite. Fig. 4.6 (A) shows the pristine Ta3N5 

appearance, looking like a massive layered particle with a flocculent lamellar structure [534]. 

Fig. 4.6 (B&C) showed that the SEM morphology of all V and S doped -Ta3N5 samples have 

spherical shapes. Moreover, Fig. 4.6 (D) depicted fibrous/neurons-like surface morphology 

with high porosity shows that as a nanocomposite PANI covering the Ta3N5 surface, which 
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clearly indicates the presence of PANI [535]. 

 

Fig. 4.6 Shows the FE-SEM morphology of the synthesized (A) undoped Ta3N5; (B) V 

doped Ta3N5, (C) V@S codoped-Ta3N5 and (D) V@S-Ta3N5/PANI composite. 

4.3.1.6. PEC measurement  

The electrochemical impedance spectroscopy (EIS) measurements produced Nyquist plots, as 

depicted in Figure 4.7(A) that were also carried out for better understanding the charge 

transfer processes at the electrode/electrolyte interface of the manufactured electrodes. The 

V@S-Ta3N5/PANI electrode exhibits greater charge transfer than other electrodes because it 

possesses the charge transfer resistance (Rct) shortest semi-circle. This may be attributed to 

the heterostructure of Ta3N5 and PANI, which allows for superior charge generation, 

separation, and channelling, and thus enhanced photocatalytic activity [536]. 
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4.3.1.7. Experimental yield of photocatalyst  

Fig. 4.7 (B & C) demonstrate    evolution of photocatalytic bustle of fabricated doped, co-

doped-Ta3N5, and V@S-Ta3N5/PANI composites in visible light radiation (λ > 410 nm). As 

demonstrated in Fig. 4.7(B),    production ratio of Ta3N5, V-Ta3N5, S-Ta3N5, V@S-Ta3N5 

and V@S-Ta3N5/PANI with 22.8, 50.3, 58.6, 72.9 and 98.4            in 5 hours exposed 

to visible light irradiation.    Evolution enactment of Ta3N5 was considerably superior to 

later alteration with PANI. The photocatalytic production rate of H2 for the V@S-

Ta3N5/PANI composite reached its maximum value at 98.4          , which is around 

four times (4) higher than that of pristine Ta3N5. Fig. 4.7 (C) shows      yield of all 

synthesized catalyst increase with time. Moreover, we observed good photocatalytic stability 

of V@S-Ta3N5/PANI composite for      generation by photocatalysis on exposure to visible 

light. The amount of    generation of V@S-Ta3N5/PANI was almost unaffected even after 

five cycles, according to the evidence in fig 4.7(D), the presence of the polymer in the sample 

contributed to its excellent stability, as evidenced by the results (polymer prevents the metal 

nitrides from self-photo corrosion during the reaction). Nevertheless, the photocatalytic 

   ratio of Ta3N5 was apparently shrunk, mainly recognized to the self-photo corrosion. 

Throughout the reaction process, according to the following equation, the photogenerated 

holes had the capability to oxidize nitrogen anions in Ta3N5, leading to the formation of 

Ta2O5 [537]. 
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Fig. 4.7 shows the (A) Nyquist plot of undoped Ta3N5, V-doped Ta3N5, S-Ta3N5, and 

V@S codoped-Ta3N5, (B) shows the    evolution activity of the of undoped Ta3N5, V-

doped Ta3N5, S-Ta3N5, and V@S codoped-Ta3N5 synthesized materials, (C)    evolution 

activity of the synthesized materials with time and  (D) displays the recyclability of the 

Photocatalyst to check the stability up to 5 cycles. 
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4.3.2. Proposed photo catalytic mechanism 

Based on the foregoing experiment, Fig. 4.8 proposes a mechanism for improved 

photocatalytic    production by V@S-Ta3N5/PANI nanocomposite under solar light 

(visible). Under visible light irradiation, doped and co-doped Ta3N5 and PANI create 

electrons and holes. PANI's photogenerated electrons directly relocate to Ta3N5 CB because 

of the synergic impact of their relative energy levels (LUMO and HOMO). Doped, co-doped 

and composites among them V@S-Ta3N5/PANI composite has the lower band gap energy 

and much higher absorption of visible light than undoped Ta3N5. This was due to the fact that 

the Ta3N5 lattice V and S dopants may function as an intermediary band (V 3d) and (S 3p) 

between the VB (N 2p) and conduction band (Ta 5d) for the transfer of electrons from the 

valence band to the Ta3N5 conduction band [538, 539]. On the Ta3N5 surface, hydrogen is 

formed through photogenerated electrons. Excited holes go from Ta3N5 VB to PANI HOMO 

simultaneously. PANI easily transports holes toward the surface and captures them. The 

steady interfacial contact between Ta3N5 and PANI may help interfacial charge carriers 

migrate [540]. Moreover, the holes deposited on the PANI surface further develop the 

photostability of Ta3N5 (hole induced photocorrosion). Charge transfer inhibited 

photogenerated electron-hole pair recombination, improving photocatalytic efficacy. V@S-

Ta3N5/PANI photocatalyst is appealing enough to use the spectrum of sunlight efficiently. A 

list of several photocatalysts protected with polymer composites (visible light driven) is 

mentioned in Table 4.2 as well as their photocatalytic application on water splitting for 

   evolution rate with different reaction conditions. 
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Fig. 4.8 shows schematic diagram of photocatalytic mechanism for the evolution of   . 

Table 4.2 Shown comparison study of different types of Ta3N5-dependent photocatalyst 

triggered by visible light for    evolution reaction 

Photocatalyst Source of Light Reaction 

medium 

Sacrificial 

agents/cocatalysts 

H2 production 

Yield 

(          ) 

Ref. 

SrTaO2N/Ta3N5 300 W Xe lamp 

(λ > 420 nm） 

Na2SO3/H2

O 

4 wt% Pt as a 

cocatalysts 

19.07 [541] 

Au@Cu2O-

Ta3N5 

300 W Xe lamp 

(λ > 410 nm） 

Cu2SO4/TE

OA 

- 65.78 [542] 

Ta3N5/PANI 300 W Xe lamp 

(λ > 410 nm） 

TEOA/H2O TEOA as a sacrificial 

agent 

72.6 [543] 

Ta3N5 Visible light bulb 

(400-700 nm) 

Water - 22.8 Present 

work 

V@S-

Ta3N5/PANI 

Visible light bulb 

(400-700 nm) 

Water - 98.4 Present 

work 
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4.4.  Conclusions  

In summary, the mechanical mixing method was used to prepare doped (V, S), co-doped 

(V@S), and composite (V@S-Ta3N5/PANI) materials. The synthesized composite shows 

stable and higher photocatalytic H2 production performance of 98.4            which is 

around 4 folds of pure Ta3N5. The photostability and reusability of the V@S-Ta3N5/PANI 

nanocomposite were extremely remarkable. The obtained results suggest that, given optimal 

growth conditions, doping with (V), (S), and (V, S) codoping is energetically optimal. V or S 

doping leads to band gap narrowing and improved optical absorption in the visible region of 

the spectrum. Additionally, (V, S) codoping of Ta3N5 further enhances the band gap 

narrowing and extends the visible-light absorption edge up to approximately 700 nm, 

surpassing the effects of V-doping or S-doping alone. The superior photocatalytic activity can 

be attributed to a synergistic effect resulting from strong interfacial interaction, which 

enhances visible light absorption, facilitates efficient separation of electron-hole pairs, and 

promotes the transfer of acidic holes from the Ta3N5 surface to the PANI surface, thereby 

inhibiting self-photocorrosion. Our research demonstrates that mechanical mixing can 

streamline the composite preparation process and boost photocatalytic property, offering a 

practical roadmap for the catalyst's future synthesis and design. 
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Chapter 4  

Section (C) 

4. Photoreactor design  

4.1.Introduction 

The exploration of a photoreactor is a forefront strategy currently under investigation to 

identify an appropriate system that facilitates photocatalytic activity. The efficiency of a 

photocatalytic process greatly depends on factors such as the extent of optical absorption and 

the adsorption of reactants on the catalyst surface. Therefore, the design of photoreactors 

holds significant importance, encompassing aspects such as the choice and positioning of 

light sources, reactor configuration, and the incorporation of reflectors. The photoreactor 

contents should be evenly lit in order to provide the greatest photocatalytic results. Due to its 

capacity to capture more photon flux, bigger light absorption surface area, and improved 

photocatalytic effects, monolith reactors, which have equivalent straight channels, have been 

the subject of substantial research in photocatalyst technology. With a monolith photoreactor, 

Tahir and colleagues found that the photocatalytic production of H2 activity from H2O 

splitting with CH3OH as an oblational reagent and NiO-In2O3/TiO2 serving as a catalyst 

could be accomplished with a greater efficiency than with a cell reactor [544]. Gao et al. 

successfully synthesised a V-W/TiO2 catalyst and investigated its photocatalytic performance 

in honeycomb and conventional reactors for H2 evolution [545]. In comparison to the typical 

reactor, they discovered an H2 production of roughly 0.27           . This improved 

photocatalytic activity possibly will be credited to the large amount of available surface area. 

In our research we have designed the two similar setup of photocatalytic reactor as shown in 

fig (4.1 and 4.2) to carry out the experimental work for H2 generation and CO2 reduction 

through water splitting reaction. 



 

172 
 

 

Fig. 4.1 Design photoreactor set-up for photocatalytic water splitting for the evolution of H2 

 

Fig.4.2. Design photoreactor set-up for photocatalytic water splitting for the reduction 

of CO2 into valuable fuels 
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Chapter 4  

Section 4 (D) 

Nb-Ta3N5 protected with PANI nanocomposite for promoted water-

splitting under visible light irradiation 

4.1 Introduction 

To date, issues relating to energy shortages and environmental pollution are among the most 

difficult challenges confronting humans. Global energy demand is expanding faster than 

fossil fuel capacity, generating an energy deficit. Recently, hydrogen (H2) has been a 

promising alternative energy source as a next-generation energy carrier [546]. 

Over the past decades, many studies have focused on splitting pure water into H2 and O2 

(2H2O → 2H2 + O2, ΔG° = 238 kJmol
−1

) by different approaches. Heterogeneous 

photocatalytic water-splitting using sustainable solar energy has been recognized as a 

practical approach for H2 production. This approach does not require an external electrical 

potential and can make hydrogen an abundant energy source [547]. However, their 

performance is still low and needs further effort. Various strategies have been reported to 

develop and prepare efficient, inexpensive photoactive materials. To date, many promising 

candidates, such as TiO2 (Lin et al., 2009), α‐Fe2O3 (Sivula et al., 2011), WO3 (Pesci et al., 

2011), BiVO4 (Kim et al., 2015), and others are UV and visible light-efficient photocatalysts, 

have been successfully reported [548]. Interestingly, tantalum nitride (Ta3N5) is one of the 

few ideal photocatalysts for overall solar water-splitting (He et al., 2016) [549]. However, it 

has low photovoltage and poor stability, which remain critical challenges that limit its 

application.  

To do with this challenge, this study used Nb as a dopant increases e
–
-h

+
 pair separation by 

acting as an intermediate band between the valence band (VB) and conduction band (CB) of 

Ta3N5. Also, PANI, a conducting polymer, was protected by photogenerated e
–
 and h

+
 charge 
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transfer. The prepared samples were characterized by X-ray powder diffraction (XRD), UV-

visible diffuse reflectance spectroscopy (UV-vis DRS), and field emission scanning electron 

microscopy (FE-SEM), etc., whose photocatalytic water-splitting for H2 production activities 

were tested under visible light irradiation. 

4.2 Materials and methods 

4.2.1 Synthesis of photocatalysts 

The doped-photocatalyst was synthesized by diluting Nb(OCH2CH3)5 (Sigma-Aldrich, 

99.9%) in 1M CH3CO2H (Sigma-Aldrich, ≥99%) and adding Ta2O5 (Sigma-Aldrich, 99.9%). 

To achieve 2wt.% Nb/Ta ratio, Nb(OCH2CH3)5 volume and Ta2O5 weight were estimated. 

Ultrasonication for 2 h and stirring for 8 h produced a homogeneous suspension, oven-dried 

at 160°C for 10 h. Nb-Ta3N5 was produced by calcining at 850°C under NH3 gas.  

Pure PANI was synthesized by dispersing 20 mL of 35wt.% HCl (Loba Chemie) and 2.0 g of 

aniline (Merck) in 200 mL of distilled water at a [HCl]/[aniline] ratio of 6. While stirring for 

3 h, 4.8 g of (NH4)2S2O8 (Sigma-Aldrich, ≥98%) and 3.75g of FeCl3 (CDH) were added drop 

by drop. Polymerization took at least 10 h at room temperature. After centrifugation and 

washing with 1M HCl, deionized water, and CH3COCH3 (LiChrosolv Merck, 99%) in that 

order until the filtrate became colorless, a dark green PANI powder was produced and dried 

in a vacuum at 60°C for 24 h. 

Following, Nb-Ta3N5 core-missile structure with PANI (Nb-Ta3N5@PANI) was prepared by 

the chemisorption technique. In 50 ml of C4H8O (Merck), 0.32 g of Nb-Ta3N5 nanoparticles 

and a known quantity of PANI were combined, sonicated for 1 h, and then stirred for 24 h. 

The mixture was kept from the solvent and dried for 3 h at 80 °C. Finally, the Nb-

Ta3N5@PANI composite was fabricated.  

4.2.2 Characterizations 

Powder XRD with Cu    (λ=1.540 Å) radiation on a Rigaku diffractometer assessed the 
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sample crystallinity and purity. Analytik Jena, Specord UV-vis diffuse reflectance 

spectroscopy (DRS) analyses synthesized material electronic excitation and band gap energy. 

FE-SEM images were taken with Hitachi FE-SEM (SU-4800). 

4.2.3 Photocatalytic water-splitting 

As shown in Fig. 4.1, water-splitting for H2 evolution tests used powdered photocatalysts 

suspended in water. We must send Ar/N2 gas through photoreactors before starting water-

splitting studies to avoid contamination. For product evaluation, an online GC-TCD was set 

up. Photocatalytic activity (H2 evolution) of synthesized materials was tested in our sealed 

quartz reactor with 0.25 g of catalyst and 10 mL of water. Before exposing the reactor to 

visible light (80 W LED), we degassed it with Ar gas for 15 min to remove dissolved oxygen. 

Cold water from the reactor-controlled reaction temperature. Substances were added to the 

quartz-covered reactor. Magnetic stirring continued throughout the experiment. The detector, 

injector, and column were kept at 30°C. After each usage in material photocatalytic activity 

recycling studies, the photocatalyst was centrifuged and oven-dried. 

 

Fig. 4.1. Designed experimental setup for water-splitting toward photocatalytic H2 evolution. 
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4.3 Results and discussion 

4.3.1 Characteristics materials  

Fig. 4.2(a) shows the UV-vis absorption spectrum of Ta3N5 and its composite photocatalysts. 

Ta3N5 has a broader absorption edge (600 nm) [550] and a small energy gap (2.15 eV, as seen 

in Fig. 4.2(b)). After doping by Nb, the Nb-Ta3N5 exhibited apparently enhanced visible-light 

absorption in comparison to that of pristine Ta3N5, evidencing that the Nb-Ta3N5 would have 

a strong absorptive ability in the visible-light region (band gap: 1.94 eV, Fig. 4.2(c)). 

Interestingly, Nb-Ta3N5@PANI absorption intensity in visible light areas progressively 

increased after combination with PANI due to its affinity for π-polaron transitions [551]. 

Both Nb-Ta3N5 Nb-Ta3N5@PANI samples could effectively harvest lighter irradiation and 

can be expected to possess robust photocatalytic properties. XRD patterns of Ta3N5, Nb-

Ta3N5, and Nb-Ta3N5@PANI are shown in Fig. 4.2(d). The main diffraction peaks at 2θ 

values of  22.9°, 28.8°, 35.8°, 43.9°, and 49.9° indicate orthorhombic Ta3N5 [552]. Compared 

to Ta3N5, synthesized Nb- doped Ta3N5 photocatalysts have a peak shift towards a smaller 

diffraction angle and peak broadening. Which indicate Nb dopants defected into the Ta3N5 

lattice and easily replaced numerous Ta atoms [553]. In case of Nb-Ta3N5@PANI XRD 

pattern were similar to Nb-Ta3N5 which indicate the amorphous nature of PANI.  FE-SEM 

was conducted to investigate the morphology and microstructure of materials. Fig. 4.2(e) 

depicts virgin Ta3N5 as a large layered particle with a flocculent lamellar structure [554], 

offering favorable conditions to combine the merits of both PANI and Nb. Fig. 4.2(f) shows a 

nanocomposite with fibrous/clusters of particles covering the surface of Ta3N5, indicating 

PANI.  
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Fig. 4.2. (a) UV-Vis spectra of the Ta3N5, Nb-Ta3N5, and Nb-Ta3N5@PANI composite 

materials, (b-c) band gap energies of the Ta3N5 and Nb-Ta3N5 calculated by Tauc plot, 

(d) XRD data of the Ta3N5; Nb-Ta3N5, Nb-Ta3N5@PANI composite materials and (e-f) 

FE-SEM of Ta3N5 and Nb-Ta3N5@PANI. 

4.4 Photocatalytic H2 production  

Fig. 4.3(a) shows the photocatalytic activity of synthesized materials in visible light radiation 

(λ > 410 nm). In 4 h under visible light, Ta3N5, Nb-Ta3N5, and Nb-Ta3N5@PANI produced 

22.5, 46.8, and 71.3 mmol/g of H2, respectively. Ta3N5 evolution outperformed PANI 

modification. The maximal photocatalytic H2 generation rate of Nb-Ta3N5@PANI composite 

is 71.3 mmol/g, 3.17 times that of Ta3N5. The stability and recyclability of photocatalyst is 

also crucial qualification for practical application.  
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Fig. 4.3. (a) H2 evolution activity of Ta3N5, Nb-Ta3N5, and Nb-Ta3N5@PANI synthesized 

materials, (b) Recyclability of the photocatalyst to check the stability up to 3 cycles and 

(c) XRD image of synthesized photocatalyst before and after the reaction. 

As shown in Fig. 4(b), no apparent inactivation in the H2 evolution could be found for Nb-

Ta3N5@PANI even after three consecutive cycles, indicating that the photocatalyst has 

excellent stability. XRD of fresh and spent samples was also employed to reveal their crystal 

structures. To check out the stability of the synthesized composite the XRD pattern were 

taken before and after use as shown in fig. 4.3(c). As the XRD patterns of synthesized 

materials before and after were similar indicate the crystal structures did not change 

significantly from that before the test after the long-term photocatalytic experiments, 

indicating that the prepared catalysts have good stability.  
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4.5 Proposed photocatalytic mechanism 

The feasible carrier-transfer process and the related photocatalytic mechanism of Nb-

Ta3N5@PANI composite for photocatalytic H2 production reaction under visible-light 

irradiation was exhibited in Fig.4.4. In the Ta3N5 lattice, Nb dopants can act as an electron-

transfer band (Nb 4d) between the valence (N 2p) and conduction (Ta 5d) bands. On Ta3N5, 

photogenerated electrons can potentially form H2, and PANI can easily catch holes. 

Maintaining contact between Ta3N5 and PANI could facilitate charge carrier mobility. Holes 

on the surface of PANI exacerbate the photocorrosion of Ta3N5. A list of several 

photocatalysts protected with polymer composites (visible light driven) is mentioned in Table 

4.1 as well as their photocatalytic application on water splitting for    evolution rate with 

different reaction conditions. 

Fig.4.4. Schematic representation of the photocatalytic mechanism for all photocatalysts 
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Table 4.1 Shown comparison study of different types of Ta3N5-dependent photocatalyst 

triggered by visible light for    evolution reaction 

Photocatalyst Source of Light Reaction 

medium 

Sacrificial 

agents/cocatalysts 

H2 production 

Yield 

(          ) 

Ref. 

Pt/MgO–Ta3N5 300 W xenon 

lamp 

Methanol/

H2O 

Pt as a cocatalysts 22.4 [555] 

2-D mesoporous 

Ta3N5 

500 W Xe lamp 

(λ > 420 nm） 

TEOA/H2O 2 wt% Pt as a 

cocatalysts 

34.6 [556] 

 

Nb-Ta3N5/PPy 

Visible light bulbs 

(400-700 nm) 

25 °C Without any 

sacrificial agent and 

cocatalysts 

H2O 

65.1 [557] 

Ta3N5 Visible light bulb 

(400-700 nm) 

Water - 22.5 Present 

work 

Nb-Ta3N5/PANI Visible light bulb 

(400-700 nm) 

Water - 71.3 Present 

work 

 

4.6 Conclusions  

In this study, Nb-Ta3N5@PANI nanocomposite was successfully synthesized via 

chemisorption. UV-Vis, XRD, and FE-SEM analysis reveal the preservation of Nb, Ta3N5, 

and PANI structures with improved interfacial contact in Nb-Ta3N5@PANI nanocomposite. 

The strong interfacial contact boosted visible light absorption; effective split-up of electron-

hole pairs, and hole relocation from the Ta3N5 surface to the PANI surface to limit self-

photocorrosion, improving photocatalytic activity. Our simple, cost-effective photoreactors 

boost photocatalytic activity for efficient water-splitting processes for H2 evolution. The H2 

yield of Nb-Ta3N5@PANI composites photocatalyst is 71.3           , which is 3.17 folds 

greater than Ta3N5 value. Therefore, the photocatalytic improvement of this hybrid 
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photocatalyst could be a promising candidate for high application potential water splitting 

toward environmental sustainability. 
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Chapter 5 

Conclusion and future prospects 

In conclusion, this work has introduced reasonable, promising and novel holistic design 

approaches to synthesize highly efficient carbon based metal nitride photocatalyst, as 

confirmed by a series of analytical characterizations. The new findings in this work can 

provide methodological contributions, especially in the building of a solid basis for future 

work in the rational development and design of semiconductor photocatalyst. It is anticipated 

that the outcomes of this thesis can offer new insights and drive intensified research efforts to 

meet the commercialization expectations of PC technology and improve the readiness of solar 

H2, paving the way for envisioned long-term energy sustainability. 

In this study, cost-effective, stable and eco-friendly Ta3N5 based metal nitride photocatalysts, 

such as Ta3N5/BSC@PANI, V@S-Ta3N5/PANI and Nb-Ta3N5/PANI were prepared and used 

for photocatalytic H2O splitting for H2 production. These are the key contributions made to 

this PhD study. Ta3N5 was prepared by two different methods, including hydrothermal, sol-

gel. The Ta3N5 prepared by hydrothermal method has shown higher photocatalytic hydrogen 

production due to quantum confinement effect. 

• The cost-effective, stable and eco-friendly Ta3N5/BSC core shell structure with PANI 

composite photocatalyst was prepared by simple hydrothermal and chemisorption method for 

photocatalytic hydrogen production. The composite photocatalyst was synthesized by using 

waste/biomass of peanuts and almonds shells (under the mission of utilizing waste into 

wealth). The synthesized composite photocatalyst shows superior photocatalytic activity for 

enhanced hydrogen production (76.9              ~ 3.42 fold to the pure Ta3N5. Among all 

the synthesized photocatalyst Ta3N5/BSC@PANI composite photocatalyst exhibit excellent 

photostability due to the presence of BSC even after the 6 cycles upto a time interval of 18 h. 

PANI was utilised as a conducting polymer having extended -* transition conjugated 
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electron system to cover the Ta3N5 particles in order to increase the efficiency of charge 

separation and corrosive holes transfer from Ta3N5 to PANI surface its prevents the 

photocatalyst from self-photocorrosion. 

• The Nb-doped Ta3N5@PANI hybrid photocatalyst H2 yield is 71.3           , which is 

3.17 fold greater than pure Ta3N5. Consequently, the photocatalytic improvement of this cost-

effective, stable and eco-friendly hybrid photocatalyst could be a promising candidate for 

high application potential water splitting toward environmental sustainability. 

• The co-doped V@S-Ta3N5/PANI pn-junction photocatalyst was constructed by simple 

hydrothermal and chemisorption processes. The V@S-Ta3N5/PANI photocatalyst was 

exhibited the highest photocatalytic activity among all the synthesized materials ~ 4.32 fold 

enhanced hydrogen production (98.4             than that of Ta3N5. The inbuilt potential 

developed by the formation of pn-junction facilitates the raid separation and transport of 

photogenerated charge carriers, resulting in efficient hydrogen production. 

The future work will be focused on the overall photocatalytic water splitting and by natural 

solar light with a high efficiency. Besides, the mechanistic pathway of the sacrificial agent in 

photocatalytic water splitting will be studied thoroughly by analytical techniques, such as 

nuclear magnetic resonance (NMR) spectroscopy, gas chromatography, liquid 

chromatography-mass spectroscopy (GC-MS). 
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