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ABSTRACT 

Energy plays a vital role in modernization of society and making life easy and 

healthy. Conventional fuels are most common source for exploiting energy, which 

contains higher carbon and these fossil fuels release green house gases in atmosphere 

on combustion. Moreover, these fuels are depleting day by day. Therefore, it became 

essential to replace the conventional fuel with the contemporary environmental 

friendly fuels. These eco-friendly fuels incude solar, wind, geothermal, hydrothermal 

tidal-energy. Although, all of these forms of energy are free but we need to be 

instrumental to harvest these energies. Out of above, we select solar energy to harvest 

the clean and green hydrogen energy by breaking of water (artificial photosynthesis) 

in presence of some plasmonic photocatalytic systems: Ag/AgCl@ZnO, 

Ag/AgCl(BaCl2)@ZnO, Ag/Ag3PO4@ZnO, Ag/Ag2CO3@ZnO, Ag/Ag2SO3@ZnO 

and Ag/AgNO3@ZnO. Above samples were synthesized by using one pot 

conventional (all systems) and microwave methods (only Ag/AgCl@ZnO). As 

synthesized samples are well characterised at the beginning and end of the water 

splitting application by using different sophisticated analytical techniques such as: 

XRD, FTIR, FESEM, TEM, HRTEM, EDX, UV-Vis spectrophotometry, and 

spectrofluorimetry, etc. above samples are investigated for hydrogen generation 

through water splitting in 20% methanolic solution under 1Sun light irradiation. All 

samples show quite good water splitting efficiency. It was found that the sample 

prepared through microwave synthesis method show high activity towards hydrogen 

production in comparison to the samples prepared by conventional methods and 

plasmonic system Ag/AgCl@ZnO shows the maximum water splitting efficiency 

among all studied samples. Their efficiency exhibits good correlated with their 

observed properties. Moreover, on the basis of this correlation a mechanism for the 

water splitting process is proposed for the given series of the systems. 

Key words: Plasmonic systems, nanocomposite, Ag/AgX@ZnO, water 

splitting, hydrogen generation, one pot convention method, microwave synthesizer, 

etc. 
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ABSTRACT 

This chapter discussed the variety of materials in context of the energy and 

focused on efficient renewable energy sources that can replace current conventional 

source of the energy. Hydrogen is established as a good source and carrier of energy 

and can be easily produced by different sources (98% materials contain hydrogen). 

Water can be good eco-friendly source of hydrogen as it is not only abundantly 

available on earth but also combustion of hydrogen gives water without emission of 

green house gases. As water splitting can produce hydrogen and oxygen. Therefore, 

the water and solar energy is taken as a sustainable source of energy in presence of the 

photocatalyst. Nature abundantly blessed us with sunlight and water at almost no cost. 

Therefore, different class of photocalalysts was discussed in this chapter the light of 

their synthesis, efficiency of water splitting for hydrogen generation by using 

plasmonic material induced- and quantum dot sensitized- materials and other systems 

of similar category. 
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1.1 Introduction  

Hydrogen can suppose to be treated as a future fuel and energy carrier because it can’t 

librates the Greenhouse gases (GHGs) i.e. SOx, NOx, CH4, CO, CO2, etc on burning. 

Moreover it produces water on combustion and it as highest fuel efficiency (75%) 

among the presently available fuels. Therefore, it considered as a clean and efficient 

fuel and it also has good ability to replace the conventional fossil fuel. This 

replacement can significantly address the great problem of pollution. Hydrogen can be 

generated by the renewable (hydro, wind, wave, solar, biomass and geothermal) and 

non-renewable (coal, natural gas and nuclear) source of energy. Currently, it is 

produced mainly from steam reforming from hydrocarbon (obtained from 

conventional fuel or petroleum by product). And it can be generated by using carbon-

free renewable/ sustainable energy sources through a energy-efficient route. Nature in 

form of plants motivate us to utilize water and carbon dioxide to produce H2, O2 or 

HCHO, CH3OH, HCOOH, etc under the sunlight. Solar water splitting is a part of 

artificial photosynthesis (AP) and reduction of carbon dioxide is another part of it. 

artificial photosynthesis is a renewable and sustainable way to produce clean fuel (H2 

and O2) by utilizing sunlight (which is the most abundant and free of cost available 

energy source on the Earth), photocatalyst (semiconductor) and water (which is also 

the most abundant (~75%) natural resource available on Earth). Few methods of 

hydrogen production and their application in livelihood are shown in Figure 1.1. We 

can produce hydrogen from breaking of water just like nature. Currently the most of 

the hydrogen is produced by electrolysis of water, which uses electricity that 

produced from conventional energy sources. So it is not an good choice.  Another way 

used is a direct photoelectrochemical (PEC) method, which is more efficient and 

economic process than electrolysis because it is a combination of a solar cell and an 

electrolyzer. Furthermore, photocatalytic water splitting is also a way to split water by 

using water and photocatalyst material under sunlight irradiation over a reaction 

vessel.  

Figure 1.1 explains the methods used for hydrogen production i.e. steam reforming, 

pyrolysis / plasma reforming of the natural gas, gasification/partial oxidation of coal 

or oil, by utilizing the solar energy for thermal, electrolysis, photocatalytical splitting 

of water, fission/fusion nuclear energy for thermal or electrical water splitting or 

biolysis. 
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Figure 1.1 Hydrogen production, storage and application. (Edwards. et al., 2007) of 

water by fermentation, gasification and pyrolysis. After careful storage, it can be 

utilized in transport application electricity/heat generation, portable electronics or 

many more. 

1.2 Current Energy Scenario 

Behind the development/ urbanization (good living standard) in every facet of life 

(economical, social and political) there is a requirement of a safe, inexpensive, clean, 

uninterrupted, sufficient, and environment-friendly energy production. Which, is 

needed to maintain the global economic development and political stability. 

Worldwide our current energy (conventional energy) storage includes (Chouhan and 

Liu, 2017) coal (984 billion tons) oil (1047.7 billion barrels), nature gas (NG; 5501.5 

trillion standard cubic foot (SCF)), which might be sustain our energy needs only for 

205 40, and 54 years, respectively. (Chouhan and Liu, 2017) Furthermore, the 

available energy sources are not equally shared out in the world (25% of world coal 

reserves in United States, 60% of oil reserves in Middle East countries). (Chouhan 

and Liu, 2017) As generated energy resources-imbalance give rise to the energy 

insecurity among countries who has derisory energy supply/ assets will cause political 

turbulences. As per record, around one-fourth of the world’s population (1.6 billion) 

still does not have electricity. Because the worldwide-energy consumption (~20 TW 

per year) rate is proportionally increases with the human population (~10 billion) and 

current electricity resources are limited. (Rogner, 2004) However, the continuous 

increase in energy requirements has been putting a lot of pressure on limited 
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conventional energy sources. But the shortage of available fossil fuels and their over 

usages correspond to the environmental threat (due to the high excel of greenhouse 

gases) that compel us to explore an uninterrupted supply of environmentally benign 

energy by utilizing renewable energy sources. All conventional sources of energy are 

carbon rich and so their combustion leads to CO2 or methane emission (main 

greenhouse gas) that adds to the extra burden on its naturally occurring amount. These 

greenhouse gases absorb the infrared part of the sun’s radiation and radiates back to 

Earth’s surface, which traps the heat and keeps Earth 300 C warmer than it would be 

otherwise – because without greenhouse gases Earth would be too cold to live. But 

the additional CO2 leads to an extra rise in temperature (van Ruijven et al., 2011). As 

a consequence, Earth’s average temperature increases, which will result in 

unpredictable changes in weather pattern of mother Earth in the form of natural 

disasters: inundates, famines, and go under water of low-lying areas due to melting of 

ice at the poles. The concentration of carbondioxide level in our atmosphere is found 

to be almost 408 ppm (Ruijven et al., 2011) besides the value suggested by scientists 

i.e. 400 ppm, which would result in to the irreversible disastrous outcome.  Rate CO2 

emission in 2005 was found to be 27 Gigatons, which can be increased up to 42 

Gigatons by 2030 and 62 Gigatons by 2050. (Mauna Loa Observatory in Hawaii, 

NOAA-ESRL, 2018) The country wise contribution to CO2 emission is shown in 

Figure 1.2a (Mauna Loa Observatory in Hawaii, NOAA-ESRL, 2018) and it is found 

the most of this emission belongs to the power, transportation and industrial segments. 

Our historical energy utilization (1990-2011) value and advanced (2011-2035) energy 

projection are exhibited in Figure 1.2b, (Nezhad, 2009), which can be augmented by 

the rate of 1.4% per year till 2035.  

(a) (b)  

Figure 1.2 (a) represents the country wise contribution in CO2 emission and (b) our 

historical and futuristic energy profile 1990-2035. (Mauna Loa Observatory 

in Hawaii, NOAA-ESRL, 2018) and (Nezhad, 2009) 
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The worldwide energy consumption profile revealed the continuous increase 

in average capacity of energy exploitation rates with time from about 65% of the 1990 

to 80% of 2009, will continue to be increase in the future (Nezhad, 2009). This 

increment in energy demand imposed great challenges before us in the form of 

upsetting climate and huge fund investments in energy segment. All are the 

problematic issues for the developing and developed countries. As per report of 

Nezhad, the increase in population and energy consumption rate was found among the 

both developed (20% and 60%) and developing countries (80% and 40%) (Nezhad, 

2009). Now, to meet these requirements with no hurt to the environment is a big test 

for mankind.  

The four major pillars of the energy scenarios are: (i) technological 

advancements rate, environmental-movement impact’s, economic growth’s status, and 

geopolitics conditions (including war, peace, and terrorism). To beat these energy 

problems, two main approaches are in practice to achieve the long-term energy 

situation: 1) the first scenario involves the advanced energy-producing technologies 

and/or hybrid fuel or engine implementation in place of the long-term development 

process to reduce the gasoline usages and to nullify the impact on environment  or 

climate change effect by more fixations of the emitted gases in environment / 

discovery of new energy efficient gasoline product. The six prominently available 

renewable resources in nature are: solar, biomass, bio-fuels, wind, hydropower, and 

geothermal. These energy sources are economical, social, and environmental viable. 

Unfortunately till today, no single approach is capable enough to accomplish the goal. 

Therefore, a large number of energy scenarios are predicted by various energy 

agencies, including the International Energy Agency (IEA), Energy Information 

Administration (EIA), and many more, is dealing with the different proportions of all 

studied. The most authentic scenario on world energy scenario was predicted by IEA 

which was based on the world’s energy facts and perceptions, which includes a 

committee of 5000 members (experts from 39 countries) working on Energy and 

Technology to development the best world energy scenario for 2050. They believe 

that the world energy requirement might be increased twice in 2050 and rate of carbon 

emission will be raised by 2.5 times. (Nezhad, 2007) Their recommendations focused 

on usages of alternative energy resources. IEA projected the plan for world energy 
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scenario of 2050 to figure out the future world energy prospective, as represented by 

Figure 1.3 (Nezhad, 2009). 

 

Figure 1.3. Stepwise planning to improve energy scenario. (Nezhad, 2009) 

Figure 1.3 exhibits a flow chart for development of the energy scenario to 

attain the long lasting energy scenario. The scenario started with identification of the 

future scope of the given energy scenario model that followed by the assessment of 

the chief motive behind the dynamics of the expected energy bazaar, and analyzed by 

identification of the inter- and intra- relationship among the chief motives. The    

present state of energy is not sustain because of mismatch in energy demand Vs 

population ratio, based on supply of the fossil fuel that results in unacceptable high 

level of the CO2 emission. Therefore, by defining and employing the technologies 

based on existing or under development sustainable energy solutions, lead to a path 

toward clean and competitive energy. Consequently, IEA suggested the possible 

models of future energy scenarios, which became the basis of futuristic energy blue 

map and their required technologies would be extended. By assuming that the future 

energy requirments and rate of CO2 emissions under the above driving forces, IEA set 

the time based targets to achieve the most feasibly assessed energy at reduced rate of 

the CO2 emission level for particular time period i.e. 2050, by utilizing decision 

supportive software. Finally, strategies will be developed to accomplish the goal. No 

single strategy is enough to reach the desired level of energy production, consumption 



Chapter-1 

7 

 

and CO2 reduction. Therefore, a fusion of the following step might be used for 

achieving the desired goal. 

1. Research development, demonstration and deployment of new high 

technology 

2. Environmental Repercussion and techniques to reduce CO2 emission. 

3. Investment strategies for Energy Business 

4. Governmental involvement for effective development of clean energy reduce 

of CO2 emission 

 

1.3 Fuel: Past, Present and Future 

Energy is the basis of all types of development of mankind that visualized in 

the form of living standard electricity production, mordenization, power, transport 

vehicles, industries, agriculture, commercial, public services, and, many more. Energy 

consumption is proportional to the living standard of the human being. Therefore, 

usages of energy is proportional to prosperity of the community/country in terms of 

the paying capacity, climate impact, income and urbanization level (Jiang and O’ 

Neill, 2004). Fuel provides us energy, which is the basic grounds for all type of 

modernization. The major driving forces behind the world fuel supply and demand 

are: fuel growth rate, energy consumption rate, alternative energy sources, investment 

requirements, poltical/geographical changes, gasoline prices, global energy density, 

rate of CO2 emission, and advancement in technology (Figure 1.4a). The renowned 

geophysicist H. K. Hubbert (1971) predicted that the fossil fuels era would be about to 

over shortly and the United States conventional fuel stock might be run out by 2050 

and world’s convention energy resources will be finished by 2100 (Hubbert, 1971). 

Soaring price of fuels Figure 1.4b, proving Hubbert’s predictions correct. We cannot 

denied the present situation based on the current fuel status. Rather proactive action 

should be taken to avoid the futuristic repercussion of the energy crisis. The cost paid 

(by means of energy crisis, endangering rare species, climate change, ecological 

imbalance, pollution, human health, etc) for the economical prosperity and 

development of Human by environment is too high. 
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(a)  (b)  

Figure 1.4 (a) Annual CO2 emissions from fossil fuels by major country and rest of 

world from 1959-2017, in gigatons CO2 per year (GtCO2). Note that 2017 numbers 

are preliminary estimates and (b) Hubbert bell plot predicting the Global oil asset. 

(Hubbert 1956,1971) 

Approximately, three-quarter energy (86.4% share of fossil fuels) of world is 

obtained by combustion of nonrenewable fossil fuels (Yuksel, 2008) that includes: 

36.0% petroleum, 27.4% coal and 23.0%, NG.  The world mostly depends upon the 

fossil sources of energy, which are non-renewable because the millions of years 

required to creat fuel but its rate of consumption is quite fast than the formation of the 

new fuel reserves. On the other hand it creates a large amount of pollution. Therefore, 

for saving our earth from pollution and to give the solution to the scarcity of 

conventional oil, switching from fossil fuels to renewable/ sustainable/ 

nonconventional/ alternate energy sources of energy is the current need of a hour. 

That gives us freedom from day by day increasing price of fuel and pollution by 

creating a lot of new green jobs. And we are looking forward to offer the energy to the 

two billion no electricity access -population of earth (Hinrich-Rahlwes, 2013). The 

abundant availability and almost no or very small amount of generation of GHGs are 

the most common salient feature of the all type of renewable energy sources such as 

biomass/ biofuels, water, wind, Sun, geothermal and hydropower. Currently, we are 

tape this energy in form of the electrical energy. But we need to improve the 

technology to tape these unlimited “fuels”. In looking to the present energy scenario, 

the demands and interest of the political and industrial personals increases towards 

sustainable energy solution, which is now became an essential part of every country‘s  

energy policy.  Some of the renewable technologies based on the solar and the wind 
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energy, have already started maintaining their growth in double-digit since past 

decade at world level and leading to faster worldwide technological implement 

(Hairston, 1996). Therefore, RE technologies deployed in many area and it has been 

rapidly increasing to meet the growing energy demand. However, the main drawback 

associated with the technology is their unreliability because their encashment is 

seasonal/ time or nature -dependent which did not promise us for energy security but 

able to help environment to growth healthy and ability to face energy challenges to 

sustain the Universal commercial energy supply. 

We had also take a step towards the above challenge for hydrogen production 

using water and sunlight in presence of photocatalyst. For this we had gone through 

the merits and demerits of the available technologies and ways out to make the 

technique more profitable. Therefore, we had selected the solar splitting of water for 

hydrogen production that can be used as a green and clean fuel. Because hydrogen is 

the lightest element among all available elements with highest energy density material 

(142kJ/kg) and its combustion gives water without GHGs emissions. Hence, in that 

way we can produce renewable power in terms of green fuel, a good and efficient 

energy carrier in an eco-benign way. Nature holds hydrogen in almost 98% of things 

found in nature in various chemical from with other elements. H2 can be used as fuel 

but then it should be existed in free H2 gas form. It had the highest energy-to-weight 

ratio among all of the available fuels. 1 Kg of hydrogen gas holds the equal amount of 

energy that belongs to 2.1 Kg of NG and 2.8 Kg of gasoline. possess the same amount 

of energy as 2.1 Kg of Natural Gas or 2.8 Kg of gasoline (Center for Strategic and 

International Studies, Global Strategy Institute, 2005). Hydrogen holds the great 

promise of providing most clean, renewable and abundant fuel when it extracted from 

its compound form furthermore even after burning it can make water, which can 

further delivered hydrogen on breaking down to its elements. In that way it can be 

recycled. Therefore we can say, hydrogen is the cleanest available fuel of the world. 

More to the point with grand approval and immense public concern towards the eco- 

health of the planet, only a few countries (e.g. Turkey, The Netherlands, etc.) 

contributing in countable amount of H2 generation from regenerative resources of 

energy. Although, the benefits of hydrogen are great in number but with few demerits 

its storage /transportation and GHGs produced if hydrocarbon/hydrides used for 

preparation. Because hydrogen (in liquid form) storage requires four times larger 
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space than conventional petroleum-base fuels needs. Currently, the hydrogen 

produced from the conventional fuel (petroleum) and used with archetype form such 

as:  internal combustion engines [ICEs], fuel cells [FCs]) and engines of gas turbine 

that to be used for military purposes. Hence, the advancement in the technology to use 

hydrogen fuel, is desperately needed. 

 This can help us to conquer above troubles. By storing hydrogen in metal 

hydrides, metallic compounds or supramolecular entities that incorporate hydrogen 

atoms in them self where the metal binds to hydrogen as a solid metal hydride and 

store almost 1000 times or more amount of hydrogen than the H2 gas cylinder storage 

ability. They gas can be released hydrogen by heating at given temperature or 

applying pressure. Section 1.6 answers the question how to produce hydrogen. As fast 

as the expansion of research and experiments on solar and geothermal heating systems 

grow, the potential of hydrogen as a renewable power resource get empowered. 

Presently, the hydrogen generated by electrolysis of water and decomposition of 

conventional fuel. Hydrogen can functioned as a chemical storage medium for 

electricity and good chemical in many chemical industries (a synthetic methane or 

liquid fuels) and can power the heat and electricity generation. Hydrogen generation 

from water/ hydride is a third renewable option after biofuels and electric battery due 

to the ease of the technology and market acceptability. 

1.4 The Hydrogen: As Energy Source and Carrier 

Hydrogen is a less dense- smallest element of the Universe and possesses the 

unique physicochemical properties that can persists the all benefits of a good fuel as 

well as the associated challenges. Besides from conventional fuels it falls into the 

category of alternative, non-conventional or advanced fuels. Moreover, the hydrogen 

is abundantly (almost 95%) available (as hydride /hydrocarbon) in the different form 

of the matter available on the Earth. It appears in very small amount in nature due to 

its tendency to tether with other elements such as carbon or metal and oxygen. The H2 

has exceptionally good properties such as highly diffusive, low viscous, unmatched 

chemical nature, high combustibility, and electrochemical properties are some unique 

properties that make hydrogen a different and better fuel than others, as shown in 

Table 1. Moreover, some other qualities such as odorless, invisibility, no toxicity, non 

carcinogenic, non-poisonous, smoke free and highly buoyant (lighter than air) gas that 
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makes this gas easy to rises and diffuses to be leaked. Usually, IR device or thermal 

wave used to identify the H2 gas presence (Table-1).  

Table 1. Comparative specifications of hydrogen fuel with other gasoline are in-use. 

Properties / Fuel Hydrogen CH4(CNG) Gasoline  Diesel 

Molecular weight  2  

(No-carbon) 

16     

(75% carbon) 

100-105  

(C4-C12, 88%) 

200-300  

(C9-C25, 87%) 

Density (g/l) 0.0899(g) 

70.990 (l) 

1.8160 (g) 

422.36 (l) 
- - 

Auto ignition Temperature (oC) 385 540-630 260-460 180-320 

Air/ fuel ratio 34.3 17.2 14.6 14.5 

Ignition energy (mJ) 0.002 0.28 0.24 - 

Diffusion coefficient (cm3/sec) 0.61 1.90 21.34 - 

Energy Density  KJ/Kg 142.00 45.30 48.6 33.8 

Combustion temperature (oC) 2318 (O2) 1914 (O2) 2307 2327 

Combustion range in air (%) 4-75 5.3-15 1.4-7.6 0.6-5.5 

Explosive range in air (%) 13-79 19 - - 

Octane number 130 87-93 91-99  

Fuel efficiency in internal 

combustion engine (%) 

60  - 22 45 

[Data source: Hydrogen Fuel cell Engines and Related Technologies, College 

of the Desert, Plam Desert CA, 2001.] 

Furthermore, the high air-fuel ratio (34.3), low auto-ignition temperature 

(385oC), high octane rating (130), 100 times low ignition energy (0.002 KJ), wide 

flammability (H2≈ 4-75%) range and the highest heating value i.e. 52,000 Btu/lb 

(British thermal units per pound mass) are observed for hydrogen over the 

conventional available gasolines. (Coward and Jones, 1952) All of above properties 

rated the hydrogen fuel as a good fuel with better fuel economy, high fuel energy 

(142.00 KJ/Kg) and high efficiency (60%). Hence, the hydrogen engines are preferred 

over the gasoline engines. It also possesses the high compression ratio than the 

gasoline and lower than diesel, can be beneficial when lean fuel mixture can be used 

for the internal combustion engine(ICE) with high efficiency (diesel engines 

>hydrogen engines > gasoline (petrol) engines) and lower combustion temperatures 

especially at low power and engine at idle state. That can help to suppress the amount 

of nitrogen oxides (NOx) emissions, which can still occur in ICEs fueled by 

hydrogen. All parameters contributing in increasing efficiency of the hydrogen 

cleanest fuel as a result, the 57 million metric tons of hydrogen emulates 170 million 

tons of oil equivalent. (Coley and Field, 1973) It is not only important as a gasoline 

http://en.wikipedia.org/wiki/Tonne
http://en.wikipedia.org/wiki/Tonne_of_oil_equivalent
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for transportation medium but also utilized as raw material in many chemical 

industries, as cooking gas, house warming, fuel cell, power production, high 

temperature welding.  The molecular hydrogen has two spin isomers i.e. ortho (75%) 

and para (25%), which is discriminated by the spins alignment of two protons (same 

and different directions). The equilibrium mixture of ortho- and para-hydrogen at any 

temperature is referred to as equilibrium hydrogen that contains 75 percent ortho-

hydrogen and 25 percent of para-hydrogen at room temperature is called normal 

hydrogen. The ortho to para-hydrogen conversion is accompanied by a release of 703 

J/g (302.4 Btu/lb) heat at 20 K (-423 oF). Where, as 527 J/g (226.7 Btu/lb) heat 

required for normal to para-hydrogen conversion. (Jones, 1970) Catalysts can be used 

to accelerate this conversion, which produce almost pure para-hydrogen liquid (≥95 

percent).  

 

1.5 The Hydrogen Economy 

Presently, the gasoline (petrol, diesel, CNG, LPG, etc) powers our 

transportation business and coal rules to power our industries. The ignition of these 

carbon containing fuels in internal combustion engine of transport vehicle, releases 

the green house gases (GHGs) and other pollutants that directly or indirectly 

hazardous for our Nature. Furthermore, the conventional fuels resources are at the 

urge of the end and world population is growing. Therefore, to attain the growing 

energy demand of the world, particularly in Asian (China, India) countries and other 

developing countries, apt solution might be searched. The clean solution of energy 

problem attained if we shift our energy uses from the conventional energy sources to 

sustainable substitutes i.e. hydrogen economy, biofuel, biomass, hydrothermal, solar, 

wind, geothermal, and so on including hydrocarbon economy. Among above sources, 

the solar energy is the but-natural choice as clean energy because the sun is a free of 

cost available abundant source of energy forever. Our planet has plenty of renewable 

energy sources at almost free of cost (1 second, 100% sun exposure release almost 

400 trillion watts energy that might satisfy the current needs for 500,000 years). This 

energy can be utilized to produce hydrogen gas fuel from the carbon-free chemicals 

(H2O, H2S etc.), which will be happy prospectus for energy generation and the 

environment. (McCarty et al., 1981) Because the hydrogen is considered as the most 
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clean and benign fuel that can play a role of an energy carrier and a storage medium. 

Therefore, hydrogen can be acts as a good eco-friendly fuel especially for the 

transportation and process industries. For hydrogen fuel, Lawrece W. Jones of the 

University of Michigam had coined a new term hydrogen economy (Jones, 1970) in 

1970. Later on, Sorensen (1975) first ever reveals the public interest in the hydrogen 

economy in his a technical report. He emphasized that the clean energy is the need of 

a society, which can be derived from renewable resources (Sorensen, 1975) that might 

constituted by the hydrogen fuel that contributed the first technical energy scenario. 

Industrial-scale production of hydrogen promotes the hydrogen economy as an 

environmental friendly solution of energy for end users (specially for transportation 

applications) without generating high pollutants (as particulate matter or GHGs). The 

technical obstacles faced by hydrogen economy are: hydrogen storage, vessel used for 

hydrogen storage and purity of hydrogen gas (99.999%) used in fuel combustion 

engine. Technological advancement in high purity hydrogen storage are in progress. 

Few of the notable systems: fullerenes (Chen and Wu, 2004), metal-organic 

frameworks (MOEs), organic chemical hydrides (can store 7.3% w/w hydrogen) 

(Newton, 1998), single-wall carbon nanotubes (2.5%-3.0% w/w hydrogen) (Dillon, 

1997), activated carbon at low temperature (Hirano, 1993), silica microspheres 

(Schmitt et al., 2006), and metal hydrides (5.0%-7.0% w/w hydrogen) (Schlapbach 

and Zuttel, 2001) are usually used for energy storage. Metal hydrides used to capture s 

a huge amount of hydrogen at quite low pressure which is lower than the pressure in a 

car tire in a very small space. Beside above, Magnesium is also a good example that 

can store a maximum amount of hydrogen (around 8% w/w). Consequently, hydrogen 

emerged as a smart alternate to the conservative fossil fuel-based energy economy, 

until unless the bad global environmental impacts will be experienced either in 

production or usage of the hydrogen economy. A survey of 2004 confirmed that the 

pathway of the hydrogen production from clean sources emit considerable low CO2 

than the combustion of gasoline used in hybrid electric vehicles. More over the 

maximum efficiency of an auto-cycle is 38% (ICE running on hydrogen) higher than 

the vehicle running with gasoline (30% for ICE) (Schlapbach and Zuttel, 2001). 

Furthermore, the permutation of the ICE and electric motor will give almost two or 

three times more power than single ICE engine. 
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It was also observed that the impact of the uses of the hydrogen-based energy 

systems on our environment/ climate is much lower than those from fossil fuel-based 

conventional energy systems. Although, such impact might be rated on the basis of 

hydrogen leakage observed during the synthesis, storage and usages. The researchers 

estimated that the total 1% leakage rate of the produced hydrogen might produces 

0.6% climate impact of the global hydrogen economy over the fossil fuel systems 

(Derwent, 2006). And if the hydrogen leakage rate increased up to the 10% than the 

climate impact would be enhanced by 6% over the fossil fuel system. The recent 

study advocated for the future hydrogen based economy, would not assured us that it 

is totally free from ecosystem damage but promise us that the impact of the damage 

will be less enunciated than the same caused by the current fossil fuel energy systems. 

The potential measure should be taken for reducing the hydrogen leakage up to the 

minimum level, which is potentially necessary for strengthening the future global 

hydrogen economy without realization of the adverse climate effects (Derwent et al., 

2006). Currently, the hydrogen economy faces many technical challenges including 

the high costs that mainly focused on the infrastructural and storage problem (GM, 

2007). 

For the efficient and practical application of the hydrogen fuel in the vehicles 

for the road transportation, the Government has to seriously work out to establish the 

hydrogen gas-filling fuel-station in good numbers for the inside the towns/cities and 

along the roadsides. Almost, 11,700 fuelling station was proposed by GM for100 

urban areas in the United States to cover the network of 130,000 miles’ highway for 

connecting the most crowded transit zones, which would cost approximately US$10- 

15 billion. (GM, 2007). Shell estimated that the cost of the establishment of the 

hydrogen gas filling stations in the United States/ Europe and Japan will be US$20 

billions and US$6 billions, respectively. (Shell, 2004). Despite the high estimated 

costs, Shell collaborates with General Motors, for futuristic development in 

technology based on hydrogen (Shell, 2004). 
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(a)  (b)  

Figure 1.5 (a) Hydrogen production percentage from different sources:  petroleum 

products, natural gases, coal and electrolysis of water and (b) worldwide percentage 

hydrogen consumption in various process industries. (Shell, 2004). 

1.6 Hydrogen Production 

In contrast to the can be mining or extraction of the conventional fossil fuels, 

the distinctiveness of the hydrogen gas lies on the methods of the hydrogen 

production from the variety of feed stocks, including the oil, natural gas, biomass, 

water, coal, and many more. Contemporary feedstock for large scale hydrogen 

production is NG because of the high efficiency and low production cost. In looking 

to the limited petroleum product supplies in near future, the hydrogen gas fuel has 

also been implied as the third sustainable fuel, which will act as a prime factor in 

transportation sector fuel that may play the most important role in transport sector by 

2025. Recently, the majority of the hydrogen is extracted from the NG (48%), raw 

petroleum products (30%), coals (18%) and electrolysis of water (4%) for industrial 

uses as predicted by the Figure 1.5a. (Ruhl, 2012). 

1.7 The Concept of Photochemical Water Splitting  

In looking to the day by day growing need of the clean-energy and to save our 

earth from the environmental damage, Prof. James Barber state, “Our sun is the 

champion of energy source and delivering more energy to Earth in an hour than we 

currently use in a year from fossil, nuclear, and all renewable source combined”, 

which is contemporary. The energy received from sun is inexhaustible causes no harm 

to our eco-system and atmosphere (Barber, 2009).  
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Hence, a huge number of scientific ventures are carried on worldwide by 

scientists to generate clean chemical fuels from sunlight. In this age of solar energy, 

carbon-neutral water can be considered as a potential future fuel. Because when the 

photocatalyst captured the sunlight in water , they produced clean fuel by cleavage of 

water in the form of hydrogen and oxygen. The by-products are carbon-neutral 

molecule combustion without exhaling the carbon-containing GHGs in atmosphere. 

Therefore, they can be treated as the green fuels. Furthermore, we had discussed the 

fundamental elements that necessary for the competent hydrogen generation through 

water splitting using photocatalyst under visible light exposure. Water splitting 

imitates the natural photosynthesis process, where water break into hydrogen and 

oxygen in presence of water and photocatalyst material. The basic standard consider 

behind the choice of photocatalytic material are: excitonic binding energy, carrier 

mobility, its over potential, diffusion length, band edge positions and band gap in 

solid state, the band edge bending of semiconductor in electrified environment and 

efficiency i.e. turn over number [TON], quantum yield, photo conversion efficiency, 

solar to H2 (S-H) conversion efficiencies, incident photon-to-current efficiency {IPCE 

in %}, and absorbed photon- to-current efficiency [APCE] of photocatalyst. In the 

light of above criteria, we will discuss the merit of photocatalyst material that can rate 

the efficiency of the hydrogen production. It helps to develop the right material to 

make for water splitting. And researchers and scientist come forward with their 

knowledge and experience to win the nature by using the trick provided by the nature 

himself by using required parameter well, such as: light absorption, photovoltage, 

electrochemical transport, photo generated carrier collection, and catalytic behaviour 

of the photocatalytic material, so on.  

1.8 Artificial Photosynthesis 

Nature uses the photosynthesis process for making their food/fuel (i.e. 

carbohydrates) in a sustainable manner by consuming solar energy in plants. Even 

though, the total value of solar energy (43 x 1020J per hour) approaching to the earth’s 

surface is large, the energy incident on any give square meter of the planet’s surface 

over time is diffuse and low due to dilution. The energy needs of the United States, 

required the average approximately 200 w/m2 (Cogdell et al., 2010) energy.  In this 

process plants, algae and some breads of bacteria usage solar energy to convert carbon 
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dioxide and water into carbohydrates and oxygen. Artificial photosynthesis (Figure 

1.6) is a photochemical process that mimics natural photosynthesis (Figure 1.6) for 

producing sustainable fuels by two process i.e. (i) reduction of carbon dioxide (carbon 

fixation) and water for production of hydrocarbons and oxygen and (ii) water splitting 

for production of H2 and O2. Usually, the term artificial photosynthesis refers to the 

two above path ways that used to arrest and accumulate the solar energy in the 

chemical bonds of a fuel. These procedures are capable enough to use solar energy for 

producing alternative clean fuels with elevated efficiency of hydrogen production by 

using water and photocatalyst under visible sunlight. 

 

Figure 1.6 Scheme differentiating natural photosynthesis and artificial 

photosynthesis. 

1.8.1 Reduction of Carbon dioxide and Water 

Day by day depleting energy resources and estimated/observed risks behind 

the global climatic changes causes the big challenge. Carbon dioxide is identified as 

the biggest culprits behind the climate damage and the efforts are required for 

prevention of further increase in CO2 concentrations in atmosphere. Several important 

majors are taken to fix CO2 gas that includes carbon taxation, increase in plantation, 

sequential CO2 deposition in the deep earth core, fruitful utilization of carbon dioxide 

in making of higher chemicals by using artificial photosynthesis, and so on. 
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Furthermore, the increasing world population and to meet their corresponding energy 

and electricity demands are the big challenges for leading the comfortable life style. It 

adds volumes to the emission levels of CO2 in atmosphere and damage of our 

environment. Figures 1.7a and b exhibits the world wide trend of emission of carbon 

dioxide in atmospheric and anthropogenic contribution up 1725 to 2025 (Energy 

Information administration 2007). 

(a)  (b)  

Figure. 1.7 (a) Carbon emission contribution by atmosphere (yellow) and 

anthropogenic (blue) emission from 1725 to 2025 and (b) worldwide zonal 

contribution in total anthropogenic emission from 2001 to 2025. (Source: (a) Oak 

Ridge National Laboratory, carbon dioxide information analysis centre and (b) 

Energy Information Administration, International Energy Outlook, Washington DC, 

2003) 

Extreme atmospheric carbon dioxide emissions along with other GHGs are 

main culprits that responsible for the drastic changes in global climate. To reduce this 

risk, we would carefully monitor the global climate change and systematic 

strategies/action plan are needed to suppress atmospheric CO2 concentration. If we 

utilise this emitted CO2 with a renewable energy, then it would be a win-win situation 

for our environment and economy. One of the best way to use CO2 in an eco-friendly 

and sustainable manner, is reduction of CO2 with water in presence of photocatalyst 

and sunlight. Where, sunlight along with the photocatalyst can be treated as an 

attractive and renewable solution that can be used to produce fuels from the mixture 

of the carbon dioxide and water. These products include a wide variety of chemicals 

such as carbon monoxide, formic acid, methane oxalate or even higher hydrocarbons 
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depending upon the type of catalyst and chemical environment. The reactions involve 

a complex multi-electron chemistry, which can either be achieved directly in a photo-

reactor or indirectly by using solar derived hydrogen as a “reductant”. It is an 

essential part of the artificial photosynthesis, where the electrochemical or 

photochemical reduction of carbon dioxide is used to produce clean, green, and 

sustainable fuels (Figure 1.8). There are two types of catalytic processes for 

photocatalytic carbon fixation i.e. heterogeneous (Figures 1.9a and 1.9b) and 

homogeneous catalysis. A few of the prominent products of carbon dioxide reduction 

(Sullivan, 1989) along with their energetic parameters are mentioned in Equations 1.1 

- 1.7 (Scibioh and Viswanathan, 2004). 

   

 

  

     

        

       

 

 

 

 

                         

Figure 1.8 Schematic representation of the light induce photocatalytic reduction of 

carbon dioxide for fuel or reduction products.  
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(a)  (b)      

Figure. 1.9 Reduction of CO2 into chemical products using heterogeneous 

electrocatalyst i.e. (a) Noble metal group of metallic cathode and (b) catalytic species 

loaded conducting polymer. (Hori et al., 1987) 

The second class of CO2 reduction is homogeneous catalysis, which found to 

be more efficient than heterogeneous catalysis that attracts major interest of the future 

researchers. But the full potential of the homogeneous catalytic carbon fixation is yet 

to be explored. Therefore, the research on efficient and highly selective photocatalyst 

for the reduction of carbon dioxide has been a gigantic scientific challenge. Some of 

the prominent photocatalysts used for CO2 reduction are Fe-supported MY-zeolite (M 

= Li, Na, K, Rb and Y = Lanthanum; Fe-K/La/A12O3) for hydrocarbon production 

(Nam, 2000), titanium oxide for CH4 and CH3OH production (Mori, 2012), CdSe 

(Anpo 1995; Wang, 2002) titanium oxide/ Y- zeolite for MeOH and CH4
 (Yamashita, 

1998) production. 

 

1.8.2 Photocatalytic Water Splitting 

Fujishima and Honda, opened a gate of new era in hydrogen generation 

method in1972 by successfully production of hydrogen and oxygen by using solar 

light via cleavage of water, using biological (plants, algae and certain bacteria) and 

physical (semiconductors) systems. There were many major breakthroughs in search 

of better catalytic material for water splitting including the TiO2 discovered by 

Fujishima and Honda in 1972. Although, the cost, efficiency or durability of the TiO2 

system was not enough for large scale usages of system (Gary 2008; Walter et al., 

2010) but has an important role in guiding path for futuristic approach. A large 

number of photocatalyst of the following class such as metal oxides, sulfides, nitrides, 
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oxysulfides, and oxynitrides that contains either representative transition metal cation 

(Mn+) of d0 (e.g. W2+, Mo2+, Nd2+, Ti4+, Ce4+, Zr4+, V5+, Nb5+, Ta5+, etc) or d10 (e.g., 

Ag+, Cd2+, Zn2+, Cu2+, In3+, Ga3+, Ge4+, Sb4+, Sn4+, etc) electronic configuration or the 

combination of both type cations had been reported as active photocatalyst for overall 

water splitting. Figures 1.10 a-c exhibits some of the important paradigms of man-

made photocatalytic material that accustomed to split the water into hydrogen and 

oxygen in 2:1 ratio, respectively, during artificial photosynthesis. There are three 

ways to split water, these are photocatalytic (Figure 1.10a), photo electrochemical 

(PEC) using a photoanode (Figure 1.10b) and PEC using photoanode and 

photocathode (Tandem) (Figure 1.10c). 

(a) (b) (c)  

Figure 1.10 One semiconductor-assisted photocatalytic water-splitting reaction aided 

by Pt and IrO2 cocatalysts (Kamat, 2012) (b) two photon assisted 

Photoelectrochemical water splitting using a photoanode and (c) Four photon assisted 

Photoelectrochemical water splitting using a photoanode and photocathode in tandem. 

(Sivula, 2013) 

All three types of the water splitting processess includes three basic steps: (1) 

absorption of one or more photon energy (sunlight) by photocatalyst than the band 

gap energy by photocatalyst that used to generates the photoexcited electron-hole 

pairs (charge carrier); (2) the photoexcited charge carriers travelled toward opposite 

sites (cocatalyst’s surface and groove of photocatalyst) of the photocatalyst’s surface 

without reunification of carriers; and (3) at these sites, water get reduced by situ -

generated photoelectrons  and in situ oxidized by photoholes, to produce H2 and O2, 

respectively. The above steps are based upon the structural and optoelectronic 

chracteristices of the photocatalyst and co-catalyst (Figure 1.10a) used to attract 

charge carriers. The cocatalysts can be either a typical noble metal or transition metal 

oxide or a combination of the both (eg. Pt, NiOx, RuOx, RhOx, IrO2, RhCr2O3 ) loaded 
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onto the surface of a photocatalyts to produce active sites and reduce the activation 

energy for gaseous product evolution in photocatalytic overall water splitting. 

1.9 Terms Used in Water Splitting 

1.9.1 Band Gap and Band Edge Positions of Photocatalytic Material 

In material science, the electronic band structure (with band edge positions 

and band gap) of a solid describes those energy ranges where an electron present 

between the solid bands (called CB/VB) might be treated as a free carrier. On the 

basis of their band gap and band edge positions the solids can be classified into the 

four main parts: metals (metals have a partially filled CB that conduct electrons), 

semimetals (no band gap and negligible electron density at Fermi level), 

semiconductors (band gap < 5eV; p-type, n-type and intrinsic, zero electron density at 

Fermi level) and insulators (band gap > 5eV; zero electron density at Fermi level), 

exhibited in Figure 1.11. 

 

Figure 1.11. Fermi level, conduction-bands and valance-bands positions and 

electronic density of states in metal, semimetal, semiconductors (p-type, intrinsic, n-

type) and insulators at equilibrium along with their energy levels. (Size, 1981) 

 Therefore, metals had a considerable electron density of states at the Fermi 

level (Kittel, 1996) unlike semimetals (with no band gap). However, semimetals had a 

very small overlap between ground level of the CB and the upper level of the VB and 

both had charge carriers (electrons and holes) but semimetal has carriers in smaller 

number than the metals. But the semiconductors or insulators possess the Fermi level 

of electron in forbidden zone of the band gap and has zero conductivity at zero Kelvin 

http://en.wikipedia.org/wiki/Density_of_states
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
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temperature unlike metals or semimetals. And insulatorshow zero conductivity at all 

temperature due to high band gap between VB and CB. In semiconductors, if the 

Fermi level is closer to the CB then the semiconductor is known as n-type, on the 

other hand if the semiconductor has Fermi level close to the VB are of p-type. And if 

the Fermi level resides at the middle of the CB and VB, are intrinsic semiconductors. 

The band gap (distance between CB and VB; Eg) widths of the compound depends on 

the overlapping degree among the constitutes atomic orbitals. (Perry 1969). A few of 

the representative examples of the above categories are: metals (Au, Ag, Na, Al, Cu, 

etc.), semimetals (antimony, bismuth, arsenic, tin or graphite and the alkaline earth 

metals, HgTe, conductive polymers) (Bubnova 2014), semiconductors (Si, ZnO, TiO2, 

Ge, GaN, InN, WO3, etc) and insulators (wood, paper, polymer, glass, etc). 

Semiconductors are further divided into two parts i.e. direct band gap and 

indirect band gap semiconductors. In direct band gap materials, the space momentum 

(k) are same for the top of the VB and bottom of the CB under the band gap. But in 

case of the indirect band substances, the k value for the both states, are different as 

depicted in Figures 1.12. The direct or indirect band gaps are the one of the major 

parameters in application of the photoconduction and electroluminescence processes 

of inorganic materials. Few of the prominent examples of the direct band gap 

semiconducting materials are GaAs, CdTe, GaN, GaAs, ZnO, InAs, CuInSe2, and so 

on. On the other hand the example of the indirect band gap semiconductor are:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Si, Ge and so on. Whereas, the metal or semimetal or metal alloys are generally 

employed for the reduction process and semiconductors used to exploit the oxidation 

and reduction process at different sites of the catalytic surface. 

 

Figure.1.12 Schematic representation of the one dimension lowest-energy conduction 

band and the highest-energy valence band in a plot momentum space (or k-space) 

http://en.wikipedia.org/wiki/Momentum_space
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Versus energy (E) diagram for (A) a direct semiconductor, (B) an indirect 

semiconductor and (C) a semimetal. (Burns,1985) 

Band gap Eg governs the optical absorption range and play an important role 

in deciding the efficiency of the optoelectronic materials. Various parameters such as  

UV spectroscopy (transmittance/reflectance) (Change and Wand, 2009), voltammeter 

study (Shaukatali, 2008), soft x-ray spectroscopic (absorption/ refelectance) 

techniques (Dong et al., 2004) (Singh 2013) are used to estimate the band gap of the 

compound (Eg).  

1.9.1.1Transmittance/reflectance of UV-Vis spectroscopy: In crystalline 

semiconductors, the following equation has been used to relate the absorption 

coefficient (α) with the incidental photos energy (h) (Tauc and Menth, 1972). 

 

                    ...(1.8) 

 Where, α(), Egap, B and h are the absorption coefficient, band gap, constant 

and photon energyof the incident light, respectively. Usually, the factor m is equal to 

2 for an indirect band gap and ½ for direct band gap substance. The absorption 

coefficient α() defined by Beer-Lambert’s law as: 

                                                            

                                                                 ...(1.9) 

Where, the coefficients d and Abs (λ) are the observed thickness of film and 

absorbance of film at the given wavelength λ, respectively. 

1.9.1.2 Voltammetry Study: Voltammetry tests such as cyclic Voltammetry, 

ampheometric titration and differential pulse Voltammetry are used to determine the 

anodic peak of oxidation potiential Vox, and the cathodic peak of reduction potential 

Vred of the studied material. Usually, band gap for organic semiconductors was 

determined by the difference in HOMO and LUMO. Where, HOMO represents the 

energy required to extract an electron from a molecule, which is an oxidation process, 

and LUMO is the energy necessary to inject an electron to a molecule, thus implying 
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a reduction process. Ferrocence is used as a known reference to calculate the energy 

of the HOMO and LUMO levels, including the ferrocene value of -4.4 eV. The 

energy levels were calculated using the following empirical (Bredas et al., 1983) 

equations: 

 E (HOMO) =-e [Eox
onset + 4.4]            ... (1.10)  

E (LUMO) =-e [Ered 
onset + 4.4]          … (1.11) 

E(eV)=e(V red −V ox )(Shaukatali,2008)          .…(1.12) 

 

The flat-band potential Vfb [V vs NHE] for the metal oxide can be calculated by 

equation 1.13. 

Vfb = E0 - χ+ ½ EG              …. (1.13) 

Here, χ is the geometric mean of the Mulliken electronegativities of the 

semiconductor constituents, EG is band gap [eV] of the semiconductor and E0 (+4.44 

eV) is the energy of a free electron, measured on the H2 redox scale. (Pleskov et al., 

1986) 

1.9.1.3 Soft spectroscopy for band gap determination: The conduction band 

and valence band character of nanoparticles can be investigated by using X ray- 

absorption and emission spectroscopy spectrum. The observed results used to 

calculate the band gap energy of ZnO i.e. 3.3 eV from the X-ray absorption and 

emission spectrum. (Dong et al., 2004) 

 

Figure 1.13 Oxygen x-ray absorption-emission spectrum reflected conduction band 

and valence band near the Fermi level of ZnO nanoparticles in comparison with bulk 

ZnO. 
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1.9.2 Quantum Efficiency  

Quantum efficiency (QEλ) is often associated with the term spectral responsivity, 

which is the measured in term of the current measured for the device for the 

incoming photon of the light of given energy and wavelength. The unit of spectral 

responsivity measurement is amperes per watt (A/W). Responsivity (Rλ in A/W) and 

QEλ (of gold (on a scale of 0-1)) hold the following relationship (Equation 1.14): 

 

                          …(1.14) 

Where c = the speed of light in a vacuum, λ = wavelength in nanometers, h = Planck’s 

constant, and e = the elementary charge. 

1.9.3 Excitonic Binding Energy 

To know the perceptive of the fabrication, functioning, and performance of the 

developed optoelectronic devices, the knowledge of the excitonic movement at 

different levels is very essential. Solar energy used to excite the electron that 

generates excitons (i.e. photoelectron and photoholes) rather than free carrier. 

Therefore, to produce free charge carriers the extra amount of energy (excitonic 

binding energy (Eex)) is needed. As generated free carriers moved towards the co-

catalyst and groove site of the photocatalytic surface of molecule, for the system’s 

synergy. The concept of exciton’s movement in semiconductors crystals was first 

explained by Sir Nevil Francis Mott (Wannier, 1937; Mott, 1938), by considering that 

the rate of electrons / holes hopping in crystals is always greater than their Coulomb 

coupling strength. The excitonic pair has finite lifetime and binding energy of the 

order of 100-300 MeV. As per Frenkel veiw, the perturbation in Coulombic 

interaction between the excitons, generates crystal potential. Crystal potential 

generated between the hole and electron presented at r space is shown below by the 

Equation 1.15: 

                 ... (1.15) 
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The coulombic potential E coul used to calculate the excitonic binding energy by using 

following expression given in Equation 1.16. 

                     ... (1.16) 

Where, qe or qh = elementary charge of electrons or hole, ε = the electrical 

permittivity (space), Ecoul = coulombic potential (13.6 eV; Mred/Me), n (excitonic level) 

= 1, 2, 3, 4, EION = ionization energy of the molecule, Mh = effective mass of hole, Me 

= effective mass of electron, and Mred = reduced mass of the exciton pair, expressed 

by following Equation 1.17.  

           ... (1.17) 

Similar to a hydrogen atom, an exciton also has a couple of the positive and 

negative charge carrier that differ from the exciton because proton of positive charge 

is heavier in mass than the hole and the exciton can only exist in a solid. Equation 

1.18 used to measure the excitonic energy, which derived from the solution of the 

Schrodinger equation for H2 atom by taking presumptuous that the mass of electron is 

not neglected with respect to the mass of the hole. 

            ...(1.18) 

Where, ΔEex is a free excitonic energy (measure in a MeV), which used to 

move exciton through the crystal and can be treated as the transporting energy without 

charge, in compare to the typical donor levels and it will not live very long at room 

temperature. Egap simply accounts for the crystal energy, the second term belong to the 

hydrogen atom, and the third term is a correction term for the two particles which are 

not at the same place in k-space (for most direct semiconductors it is zero for ke = – 

kh or ke = kh =0). In total, we have a system with energy levels just below the CB 

with the “deepest” level defined by the energy differences, as shown in Figure 1.14a. 
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(a) (b)  (c)  

Figure 1.14 (a) Excitation of electron from V-band to C-band and their respective 

excitonic energy and band gap Eg and different energy levels beneath to C-band, in an 

indirect band semiconductor. Where, BZ = Birillouin zone, (b) Schematic excitonic 

binding energy for (a) Wannier-Mott excitons in inorganic semiconductors and (c) 

Frenkel excitons in organic materials. (Knupfer M., 2003) 

Excitonic binding energy for a nonspherical object is calculated by using the 

following Equation 1.19. 

         ...(1.19) 

Inorganic and organic semiconductors can be differentiated on the basis of 

their excitionic energy (Figures1.14b and 1.14c), which is depend upon the binding 

force (covalent / Vander Waals forces), dielectric constant and oscillator strength of 

inter band transitions. Thereafter, the excitonic binding energy utilized to take out the 

electron form a bound state (excition) and utilised onto another molecular unit far 

away (Knupfer, 2003). 

Usually, the dielectric constants of the inorganic compounds are higher than 

the organic compound because organics are insulators and lacking the enough charge 

to be induced under the effect of an electric field. Here, the dielectric constant used to 

shield the repulsion between the holes and electrons due to the coulombic interaction. 

Furthermore, the increase in the size of QDs weakened the dielectric constant. 

Similarly, Zhou and Majumdar   reported that the excitonic binding energy of the 

CNT increases with the shortening of the tube diameter (Zhou and Majumdar, 2004). 

Figure 1.14b illustrates the role of the exciton in determining the binding energy of 

inorganics. Where, the bounded hole and electron pairs are confined in the molecule 
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at initial state. These molecules have Wannier-type exciton states whose binding 

energies are of the order of 10 meV, dependent on the reduced mass of the e-/h+ -pair 

and the dielectric constant. On the other hand, organic molecular solids (Pope and 

Swenberg, 1984) had Frenkel excitonic states along with their valence and conduction 

band’s (as well as exciton bands) energy lie between 10–100 meV  (Coropceanu,  

2007) due to the structural elements held together by only weak van der Waals forces 

result of the weak electronic intermolecular coupling, very small oscillator strength of 

inter band transitions and (3) the dielectric constant (εr) is in the range of 3–4, because 

of the weak dielectric screening and coulomb effects. This suggests a molecular 

approach for describing their optoelectronic properties starting from the properties of 

a molecule in the gas phase.  

 

1.9.4 Diffusion length 

The charge carriers are not sitting still in the lattice (they are only "sitting still" 

in k-space!), but move around with some average velocity due to some thermal energy 

and the associated random motion of the carriers. We will refer to this transport 

mechanism as carrier diffusion. An external applied voltage on charged carriers 

generate the electric field that results in the motion of the charged carriers. This 

transport mechanism is known as carrier mobility (drift). Furthermore, the carriers can 

also moves from the high carrier density region to the low carrier density region. 

When excess of the carriers are generated at the semiconductor surface then the 

minority carriers diffused up to a certain distance, before recombining with majority 

carriers, is called as a diffusion length. Usually, the diffusion length of electron is 

much greater than the same of holes. The minority carrier lifetime and the diffusion 

length depend strongly upon the type and magnitude of the recombination processes, 

which govern by the method of fabricate the semiconductor wafer and the processing. 

Heavily doped semiconductor materials possess the greater rate of recombination and 

consequently, the shorter diffusion lengths. Higher diffusion lengths are indicative of 

the materials with longer lifetimes, is therefore an important quality to be considered 

for selection of semiconductor materials for PWS. 
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1.10 Water Splitting Techniques for Hydrogen Production  

Hydrogen gas not only plays a primary role of the highest efficient fuel (75%) 

among the presently available fuels but also work fine as an energy carrier. Moreover, 

it rarely exists in elemental form, cannot be found free even holding the position of 

most abundant element (95%) of Earth. Therefore, can’t be mined due to its high 

reactivity, always found in compound form and. Moreover, the hydrogen always 

found in the form of the metal hydride, water or organic compounds. Therefore, we 

need to take out the hydrogen by cleavage of the different available resources. 

Currently, most of the hydrogen is produced from the conventional fuels sources i.e. 

natural gas and coal that added a lot of carbon dioxide release into the atmosphere. 

Hence, hydrogen production from the benign and abundant source at large scale from 

zero-carbon compound; water is a good choice. The big question is how to break 

water for hydrogen generation. Here, we deal with the most popular methods that 

used to cleave water. 

1.10.1 Electrolytic Water Splitting 

Hydrogen production at the as low as cost of ~ $2.00-3.00 Kg-1 H2 as gasoline 

for the transportation vehicles is the main target of the researchers. For this, the 

electrolysis of water is the standard commercially used technology (Turner, 2008) 

from ages. The electrolytic splitting of water shows the potential of this for generation 

of H2 and O2 by applying electricity. This technique produces hydrogen almost 0.25 % 

worldwide by using from water and electricity at zero greenhouse gas emissions by 

electrolysis world-wide is the beauty of this method. If the electricity can be produced 

from the sustainable sources of energy for instance: solar, biomass, hydropower, 

wind, etc, than the process became extra environmental protective. Researchers, who 

working on clean energy had been attracted towards the process of electrolysis 

because of the hydrogen economy involved in the process. Pure water is highly 

resistive to electricity and we need the acidic or alkaline water for its electrolysis 

(Kreuter and Hofmann, 1998). Thus, for conducting electricity in pure water the the 

presence of ions in the water is crucial requirement. The hydrogen production through 

the electrolysis of water will be estimated in terms of their cost, the electricity 

production efficiency and the rate of GHGs discharged in environment during 
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electricity creation. Therefore, due to the low efficiency and higher discharge rate of 

GHGs in atmosphere during electricity production, this method is not a good option 

for electricity provider. But if the renewable and nuclear energy used for electricity 

generation for the water electrolysis, result in zero GHGs emissions. Which is the 

most promising way of hydrogen production by using water with high efficiency of 

conversion with low energy consumption in compared to the photocatalytic, biolysis, 

and thermochemical method.  

The electrolysis of water done in the device known as electrolyzer, which 

consists of an anode and a cathode that connected through external circuit, dipped in 

an electrolyte solution. Where, the oxidation of water takes place at anode for oxygen 

production, as shown by Equation 1.20. The reduction of water takes place at cathode 

by using four positively charged hydrogen ions (protons) that selectively move across 

the polymer electrolyte membrane (PEM) towards the cathode electrode to react with 

electron and to librate hydrogen gas, as shown in Equation 1.21.  

Anode reaction (oxidation):                              ... (1.20) 

Cathode reaction (reduction):                                                ... (1.21) 

The complete electrolysis of water occured at 298 K (250C), which requires 

enthalpy H = 285.83 kJ/mol (Gibb’s free energy [ ]) = 237.2 kJ/mol and heat 

energy [ ] = 48.6 kJ/mol at  J/mol/K). Here, entropy of the system 

S0 (H2) = 130.6 S0 (O2) = 205.1, S0 (H2O) (1) = 70J/mol/K, S0 (total) = 130.6 + 

½ (205.1 X 70) = 163.14 J/mol/K and S0 = 233.1 kJ/mol. Therefore, the minimum 

voltage is Ecell = 1.23 V required for water splitting (Neagu, 2000). In the case of an 

open cell Ecell = G0/nF = 1.23 V with Gibb’s free energy G0 = H0 -T S0 = 237.2 

kJ/mol at STP (1 bar pressure and 250C temperature). The conjectural value of 

reversible potential for water electrolysis is written by using below mentioned 

Equation 1.22: 

                         ...(1.22) 



Chapter-1 

32 

 

Where, E0 is the standard potential for electrolysis of water, R = gas constant 

and T = absolute temperature of electrolysis, P0 and P are the respective vapour 

pressures of the pure water and water in electrolyte, respectively. The electrolysis 

energy of water required is 2.94 kWh (theoretical) for 1 litre H2 production and to 

acquire ohmic losses developed by the electrolytes/diaphragms and over voltage (over 

potential) due to the side electrode reactions (Equations 1.20 and 1.21). Actually, the 

current efficiency is expected quite high (around 95 %) and treated as the high voltage 

efficiency. 

In order to start reaction, it is essential to overcome this energy barrier (extra). 

The activation energy Eact and number of molecules are the prime controlling factors 

that able to overcome the energy barrier and the rate of reaction (r) expressed by the 

Maxwell-Boltzmann distribution law: r = r0 exp (-Eact/RT). So, the speed of a reaction 

can be expressed in term of the activation energy. The maximum possible efficiency 

of an electrochemical cell can be ideally expressed by the Equation 1.23. 

   .... (1.23) 

Where, Eelec = voltage, required to drive the electrochemical reactions at 

current I and express by the below mentioned Equation 1.24. 

                                                     ... (1.24) 

A= activation energy, R= the total resistance of the cell, which includes the 

external circuit resistance, electrodes and membrane material and Ʃƞ = over potentials 

(the activation- or concentration- over potentials). The energy balance acquired during 

the water electrolysis for per mole is illustrated in Figure 1.6 (Neagu, 2000). It was 

found that the activation over potentials rose by enhancing current density that will be 

lowered by the catalytic action of electrodes, such as platinum. 

At reversible situations, the maximum electrolysis efficiency of the water with 

respect to the electrical energy, would be ԑmax = 120 %. Therefore, heat flow from the 

surroundings into the cell. With the value of G =1.48 nF (in the denominator) in 

Equation 1.23 (with over potential ~ 0.25 V), the electrolysis device would show the 

100 % performance by maintaining the cell temperature constant. Actually the IR 
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drop is equal to 0.25 V. The overpotential ƞ should be kept low for maximizing the 

efficiency and minimizing the heat production. But when the overpotential is low then 

the reaction is slow. Therefore a balance should be maintained between the 

overpotential (IR) and thermoneutral potential. The most convenient way to enhance 

the current without increasing the overpotential is by enhancing the contact areas 

(with active sites) between the electrodes and the solution with electrolyte (Neagu, 

2000). The electrolyzers cell are commonly classified on the basis of the electrolyte 

material used in the cell. 

 

1.10.2 Plasmolytic Water Splitting 

Thermolysis of water needs the quite high temperature (30000C) and a very 

specific material (catalayst), which can sustain its integrity at high temperature. To 

avoid the problems associated with the thermolysis of water, the use of electric 

discharge of plasma in place of heat is an extremely useful technique for water 

splitting. This technique is known as plasmolysis of water or plasmolytic water 

splitting that can carried out water splitting without acquiring the high temperature. It 

is also a thermodynamically non-impulsive reaction ( ) (Bockris, 1985). The 

electric energy (microwave frequency or direct current) of plasma state transformed 

into the kinetic energy of the molecules and electrons (responsible for ionisation) due 

to their molecular excitations and translation of the heavy particles. Plasma discharge 

is basically categorized into hot (thermal or arc) discharges and cold (low temperature 

flash) discharges with the electron temperature ranging from 1-10 thousand degree for 

both classes. Interactions between the electron and molecule are responsible for 

dissociation and ionization process of plasma. The velocity of electron-molecule 

reaction depend upon the average electron energy and the energy distribution function 

of electron that expressed by the Equation 1.25.  

                                         ...(1.25) 

The electron energy distribution function (fe) was described in term of 

Maxwellian velocity distribution function, which can be specified by an electron 
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temperature (Te) and Boltzmann constant (KB), energy per degree of freedom (e), 

which is equal to ½ mv2 = ½ KBTe. Due to the variation in the mobility rate of the 

electron and molecule/ions species the electric fields generated in the plasma state. 

And as created electric field influence the spatial distribution of particle velocities 

through the Lorentz force that induced extra mobility in the electrons. 

 Degree of ionization the number of free electrons = nJN (where, n = the 

electrons density, J = the current density and N = an Avogadro number) is the 

important parameter for the plasmolysis of the water (Givotov et al., 1981). During 

the cleavage of water vapor in irreversible plasmonic stage, the discharge energy 

distribute in form of vibrational excitation process and dissociative energy. The 

thermal discharges process attained with the local thermodynamic equilibrium in the 

arc method. Though, the chemical and transport kinetics of discharge controlled by 

the lowering of the temperature (high) of the reacting species. There are two methods 

for hydrogen production by plasmolysis of water is either performed in one step or in 

multiple step- plasmolysis of CO2 and water plasma then plasmolysis of CO occurred 

in presence of water (Figure 1.15 a and b), respectively (Hensen and Sanden, 2017). 

 

Figure 1.15 Hydrogen production of by plasmolysis of (a) water and (b) CO2 and 

water. (Hensen and Sanden, 2017). 

Bochin et al. had proposed the reaction mechanism involved in splitting of water 

process through different vibrational excited states, as shown by Equations 1.26 to 

1.30. 

                               ...(1.26) 

                                               ...(1.27) 
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                                              ...(1.28) 

                                              ...(1.29) 

                                         ...(1.30) 

The mechanism of the water plasmolysis via dissociative path is shown by the 

following Equations 1.31 to 1.35: 

                                            ...(1.31) 

                                                ... (1.32) 

                                          ...(1.33) 

                            ... (1.34) 

                                               ... (1.35) 

Here, in the latter set of reactions (Equations 1.31 to1.35) the yield of H2 

decreases irrespective of the actual reaction sequence the problem because of the high 

requirement for higher degree of ionization which is difficult to attain.  However, CO 

has been found to be a catalyst in the direct production of hydrogen form water by 

plasma since it lower the need of high degrees of ionization and reduces the free 

radical OH* concentration. 

1.10.3 Photocatalytic Water Splitting 

Photosynthesis process naturally observed in plants that gives us a clue of 

cost-effective requisite route for the solar water cleavage. Investigators had invested 

their diligent efforts to mimic photosynthesis reactions since 1972 (when water 

splitting discovered by Fujishima and Honda). Here, we discuss the different aspects 

of photocatalytic water splitting. During the water splitting process, when the 

semiconductor (photocatalyst) suspended in water under the light exposure, the 

oxidation and reduction process of water was observed at the interface region without 

supply of any electricity. The valence band and conduction band positions of the 

particulate material should be straddle between the hydrogen and oxygen evolution 

potential for the overall splitting of the water. Photocatalyst may satisfy some 
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conditions simultaneously as discussed are: stability in water and light, band positions 

of catalyst straddle between redox potential of water and optoelectric properties i.e. 

light absorption, charge separation, charge transport, (Maeda and Domen, 2007; 

Rajeshwar 2007; Osterloh 2008; Maeda 2011; Osterlog and Parkinson, 2011). In short 

one has to look after the following points: light adsorption, surface structure, interface, 

charge diffusion, charge trapping, particle size, surface electronic states, dark 

reactions and photoreactions, all together that may enhanced the complexity of the 

molecular device Figure 1.16.  

 

Figure 1.16 Illustrate the operating principle of the photocatalytic reactions (1. light 

absorption, 2. charge separation, 3. charge transport and 4. reduction of water at co-

catalytic site and oxidation of water at catalytic groove on the main catalyst site.  

All of the above needs are related with each other and altogether depends on 

the chemical, electrical, physical and optical characteristics of the semiconductors. 

Basically, the water splitting reaction is quite active, mechanistically multifaceted, 

kinetically time-consuming and chemically sarcastic reaction than the simple electron 

transfer procedure. Even though, the photoelectrochemical electrolysis of water is 

extremely efficient reaction and the hydrogen production rate by this course of 

reaction is fairly good. Therefore, we are looking for the material with the high 

efficiency and low cost are the major challenges in the scaling hydrogen production at 

large scale. It was found the PV water cleavage including thermo chemical, PEC and 

photo biological techniques, is a costlier than the single photocatalysis process. On the 

other hand, the parting of the likely to explode mixture of hydrogen and oxygen gases 

had needed the extra energy that cuts down the efficiency of the overall water 

splitting. This method had the few merits, these are: (1) good solar to hydrogen 
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conversion (STH) efficiency; (2) small handing out price; (3) no separation of evolved 

hydrogen and oxygen gases during the reaction. 

1.10.4. Photoelectrocatalytic Water Splitting  

Henri Becquerel recorded the initial testimony of a PEC event in 1839. 

(Becquerel, 1839) with silver chloride- coated platinum electrodes in various 

electrolytes, in terms of the photocurrent and photovoltage produced by the reaction 

of sunlight with semiconductor and pure water. Because pure water can absorb the IR 

region of the solar radiation but at that region the photon energies are too small to 

generate photochemical reactions. Hence, the water splitting process is derived by 

utilising the electrical and solar energy in the company of photocatalysts of quite 

small band gaps ranging between1.6-2.5 eV. If photocatalyst is a wide band gap 

semiconductor material than a sensitizer or co-catalysts or both should be loaded on 

the surface of the photocatalyst to make the absorption of sunlight easy and to excite 

the photochemical reactions to enforce the cleavage of water that lead to the 

production of hydrogen and oxygen gases. In the photoelectron-cleavage process of 

the water, initially the sunlight absorbed by the as synthesized molecular assembly or 

biogenic materials (chloroplast or algae in a configuration coupled with a hydrogen 

generating enzyme) or hybrid systems that swings in an aqueous electrolyte solution. 

The systems (semiconductors or enzymes) are either used as the suspended particles 

or as a electrode unit in a PV or an electrochemical cell, is merged in the electrolyte 

solution, are used for the electron hole relay. A good photocatalytic material may 

have some characteristics such as efficiency, durability or stability in water and light 

(photocorrosion), apt band gap, good lifetime of charge carriers, low defects 

concentration, free path way for charge carrier, low fabrication price and many more. 

It is quite tough to observe the all characteristics in a single material. Besides these 

integrated devices, the high tech systems are required with rigorous development 

activities in strong synergy with PEC materials and devices by use of nanotechnology 

and computation systems. Currently, the Nuclear Energy Research Initiative (NERI) 

place the PEC H2 manufacturing goal of 15 % conversion efficiency for 900 hours’ 

replacement lifetime (1/2 year at 20 % capacity factor) for commercial hydrogen 

production cost of $2.10 kg (material) and $300/m2 (PEC electrode cost) (Deutsch, 

2013). 
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Photoelectrochemical water splitting used to adapt light energy into the more 

useful energy products i.e. electrical (current density) or chemical (H2 and O2) or 

both. In addition, on absorption of solar light by one or more fabricated electrodes 

(photoanode and photocathode; at least one of the electrodes is fabricated by 

semiconductor) that dipped in aqueous electrolyte solution that not only produced 

hydrogen and oxygen gases but also the current density by splitting of water. In 

principle, the as generated internal electrical field at the semiconductor-electrolyte 

interface used to separate of the photogenrated electron-hole pairs (exctions). 

1.11 Quantum Dot –Sensitized Metal oxide photo catalysts 

To promote wide band oxides for harvesting more visible light, use of some 

photosensitive dyes and semiconductor quantum dots(QDs), have been adopted. 

Semiconductor QDs have many significant advantages over synthetic / natural dyes 

such as: better optical stability, large extinction coefficients, and adaptability to the 

large range solar spectrum with major drawback that the almost every high-quality 

QD comprises of highly toxic elements. However, recently less-toxic alternatives like 

InP or CIS are available that seem to solve this problem. Moreover,  CuInX2, 

CuGaX2, AgInX2, AgGaX2 (X=S, Se), and similar materials are alternatives to InP 

because they are composed of abundand, readily available, non-toxic elements (no 

class A and B elements of QDs) that form an effective hetero-junction with solid 

hole/electron conductors, are used to improve the matching of the solar spectrum with 

their absorption spectrum by controlling the particle size, which can also be used to 

increase the visible light absorption of large BG metal oxide-based photoelectrodes. 

By controlling the particle size of QDs, one can vary the energetic of the QDs and the 

light harvesting capacity of the wide band oxides. For examples, small BG metal 

sulfides or selenides such as CdS and CdSe QDs have been used to sensitize the wide 

BG metal oxides such as ZnO and TiO2 for PEC/PC hydrogen generation. QDs use to 

demonstrate the size-dependent quantization of the electronic energy levels as 

dependent upon particle size and shape, particle-particle interaction, particle spacing, 

and nature of the outer shell. These types of heterojunction allow the rapid separation 

of electron-hole pair and transfer of photoexcited electron-hole. Quantum 

confinement and electron tunnelling properties used to differentiate QDs from the 

same sized nanomaterials. Bohr diameter (rn) is one another useful parameter that 
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used to determine the type of confinement that to decide which particle will be the 

QD among the same sized nanodot of different materials. 

 

Where, n is energy level, h is plank’s constant (6.023x 10-23m2Kgs-1), ε 

dielectric constant (8.84x10-12 m2Kgs-2J-1), e charge of electron (1.6x 10-19C) and me 

is mass of electron (9.1 x 10-31). Usually, the particles having size smaller than 3 Bohr 

diameter (the radius of an excition in PbSe is as large as 46 nm, possess strong 

confinement), are QDs. As the nanocrystals becomes more confined, the peak shrinks, 

on the basis of the free movement of the particles in 3D, 2D, 1D and 0D space, the 

nanoparticles are defined as bulk, quantum well, quantum wire and QDs, as shown in 

Figure 1.17. 

 

 

Figure 1.17 Schematic representation of the different sized particles of the same 

material (a) bulk;3-D all carriers act as free carriers in all 3-directions (b) quantum 

well; 2-D carriers are 1D-confined but act as free carriers in a plane (c) quantum 

wire;1-D carriers are 2D-confined but free to move along direction of the wire (d) 

quantum dot; 0-D carriers are confined in all 3-directions (no free carriers).  

Due to the strong confinement in QDs, several novel quantum phenomena 

emerges, such as Shortened carrier collection pathways, Improved light distribution, 

Quantum size confinement, Potential determining ions (PDI), Surface area-enhanced 

charge transfer, phonon bottlenecks and coulomb or spin blockades and Multiple 

exciton generation, (Nozik, 2001) predicted a novel multiple exciton generation 

(MEG) phenomenon in QDs, and many more. In MEG process, the multiple 
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electron−hole pairs or excitons produced on absorption of a single photon in 

semiconductor. (Schaller and Klimov, 2004) provided the strong experimental proof 

of MEG for PbSe QDs, where MEG of up to seven excitons per single phonon has 

been reported (Schaller, 2006). Later on other QDs with MEG capacity were observed 

for the compounds: PbS, PbTe, CdS, CdSe, InAs, Si, single-walled carbon nanotubes 

(SWNTs, efficiency 130%), graphene, and InP, etc. (Ashok Kumar, 1984; Kudo et al., 

2004; Takata, 1998) Besides the several microscopic evidences of the MEG 

phenomenon is still enigmatic and several mechanisms have been suggested that to be 

applicable for this process, including impact ionization, an inverse Auger process, 

direct carrier multiplication (Califano, 2004a and Califano, 2004b), and MEG (Wang, 

2003). In MEG, the excitons are generated in a decoherent process. The Auger 

mechanism assumes an incoherent process and requires a faster decoherence time 

than for the time in creation of multiple excitons (Ellingson, 2005). Direct carrier 

multiplication relies on multiexcition coupling to virtual single-excition states and the 

coherent superposition of these during an optical pulse. The discovery of the MEG 

process of QDs apparently became important as promising building blocks in solar 

devices and intensive research is going on involving the fabrication of dye-sensitized 

solar cells (DSSCs) or photocatalytic devices for water splitting. When irradiated with 

visible light then several excitons can form per photon in a semiconductor QDs, 

which gives us a solid assurance for high efficiency up to the Shockley-Quiesser limit 

(estimated maximum efficiency limit is 31% for photo-devices). The photon absorbed 

in the VB of the semiconductor promotes an electrons to jump from VB to CB. If the 

difference between the photon energy and BG will be dissipated as heat and cools 

down the hot electrons, the phenomenon is known as Auger cooling. It has been 

shown that QDs need to possess the hydrophilic surface properties in order to adsorb 

onto metal oxide surfaces efficiently (QDs with hydrophobic surface do adsorb with 

the same degree, but not as readily as hydrophilic ones). 

The two major strategies to obtain hydrophilic QDs are; first, synthesis of QDs 

in aqueous solution; second, synthesis of QDs in organic solution with subsequent 

ligand exchange. Both methods lead to the similar results (Murphy et al., 2006b). 

QD-sensitized PEC cells have the potential to convert more solar energy than 

dye-sensitized cells. The sensitization of semiconductor metal oxide for PEC cells 

https://en.wikipedia.org/wiki/Lead(II)_sulfide
https://en.wikipedia.org/wiki/Lead(II)_telluride
https://en.wikipedia.org/wiki/Cadmium_sulfide
https://en.wikipedia.org/wiki/Cadmium_selenide
https://en.wikipedia.org/wiki/Indium_arsenide
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Indium_Phosphide
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using CdS, CdSe, and CdTe QDs was recently reported (Kamat, 2008). Although, 

cadmium chalcogenide QDs have been extensively used as a sensitizer in harversting 

visible light, the photostability is a major concern for CdSe and CdS based sensitizers 

due to their self-oxidation reaction; another concern is their toxicity. Furthermore, the 

sacrificial chemicals are certainly not desirable to generate hydrogen but it is 

necessary to develop small BG semiconductors to sensitize large BG metal oxides for 

water splitting. Hole-sacrificial reagent such as SO3
2-/S2- , were added to prevent the 

self-oxidation of QDs, while the photoanode is no longer oxidizing water. DSSCs 

made from TiO2 and CdSe (or PbS) QDs have already been reported in the literature 

(Kamat, 2008). Their efficiency is around 3% (Niitsoo et al., 2006), which is still 

smaller than that of conventional DSSCs. 

(Nann, 2010) utilized InP QDs in 2010 as a suitable sensitizer for solar water-

splitting applications, where they coated with an iron catalyst forming a 3D 

nanophotocathode on gold material for production of hydrogen and commonly used 

as n-type semiconductor oxide photocatalysts, as photoanodes. Recently, (Yang et al., 

2014) developed a Z-scheme device, which shows the overall water splitting with 

efficiency of 0.17%, in a non sacrificial environment under visible light illumination. 

They reported a corrosion-resistant and photostable PEC system that consisting of a 

CdS QD-modified TiO2 photoanode and a CdSe QD-Modified NiO photocathode. 

Layer of ZnS used for passivation to protect the cadmium chalcogenide QDs and can 

be used as co-catalyst for H2 gas evolution. Another interesting example of QD-

sensitised overall water splitting under visible light irradiation is demonstrated by 

(Yeh, 2014) by using nitrogen-doped graphene oxide QDs, where a nitrogen-rich site 

exhibited n-type and a nitrogen-deficient site show p-type conductivities and overall 

device served as p-n type photochemical diodes, in which the carbon sp2 clusters of 

graphene serve as the interfacial junction for H2 and O2 evolution from their p-and n-

domains, respectively. Similarly, the mesoporous TiO2 layer is on the top of CdSe/H-

TiO2 exhibits a maximum photocurrent density of ~16.2 mA/cm2, which is 35% 

greater than that of the optimized sample i.e. CdSe/P25 (control), which exhibits a 

current density of -14.2 mA/cm2, (Kim et al., 2013) under the same conditions. 

Enhanced PEC water splitting was demonstrated by Si QDs/ TiO2 nanotube array 

electrodes under visible light illumination with the photocurrent density was 1.6 times 
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higher than that of pristine TiO2 electodes (Li, 2015). Photocatalytic H2-production 

rate over Co3O4-QDs and over Co3O4-SSr with 420 nm visible light cut off filter is 

estimated as 1.10 and 0.80 μmolg-1h-1, respectively (Zhang, 2014b). The most 

efficient QDs-based photocatalyst tadem electrode TiO2/CdZnS/CdZnSe with 

different batches to provide a remarkable photon-to-hydrogen efficiency of 7.3 ± 

0.1% (with the rate 172.8 mmol/h/g of the photocatalytically produced H2 by water 

splitting) (Wang 2013). The five fold photocurrent responses of the rGO-CdS-H2W2 

composite film was observed in compared to the pure CdS film (Wang, 2014). 

Branched CdS QDs sensitized TiO2 nanoarrayed anode was used for PEC water 

splitting with the remarkable photocurrent density (4mA/cm2 at a potential of 0 V s. 

Ag/AgCl) and high STH efficiency (Su, 2013). The photoelectrode of 

InN/In0.54Ga0.46N QDs reveals a maximum IPCE of up to 56% at a wavelength of 600 

nm with a hydrogen generation rate of 133 mmol/h/cm2 at zero voltage under 

illumination of a 1000W Xenon are lamp. Where the layered InN/In0.54Ga0.46N 

photoelectrode show the low IPCE of 24% with hydrogen generation rate of 59 

mmol/h/cm2 (Alvi, 2015; Trevisan, 2013) demonstrated the in-situ growth of CdS and 

PbS QDs on mesoporous TiO2 aiming for harvesting light in both visible and near-

infrared (NIR) regions of light for hydrogen generation through water splitting. 

1.12. Plasmonic Material induced Metal Oxide Photocatalysts  

Ebbesen et al., (Barnes, 2003) first time established a novel class of 

optoelectronic materials, i. e. plasmonic photocatalyst. This new class of material 

inspired the researchers to use them with photocatalysts due to their good light-

producing qualities along with their apt band gap breaking effect and sensitizer effect. 

This new class had a wide range of applications such as wastewater treatment, air 

purification, water splitting, enhancing computational power of electronic gadgets , 

breast cancer treatment, manufacturing of light-emitting diodes (LEDs), rendering a 

satellite object invisible, and so on (Atwater, 2007), During the water-splitting 

process, the studied photocatalytic materials (oxides, oxynitride, nitrides, sulfides, 

oxysulfides, etc.) faced two main problems: (1) low efficiency (due to the unification 

of  photo-carriers) and (2) lack of satisfactory number of visible light responsive 

photocatalytic materials because the most commonly available are stable oxides 

materials had a wide BG, that make them eligible to harvest  UV light and short BG 
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materials vulnarableto be oxdise in light on long time light exposure (Hashimoto, 

2005; Wang, 2012). Both of the deficiencies would be overcome by the use of 

plasmonic photocatalytic materials. These novel metamaterials have two prime parts: 

(1) localized surface plasmonic resonance (LSPR) in nanoparticles of noble metals; 

and (2) Schottky junction results of the contact between the noble metal and 

semiconductor/polar material (support/carrier). The prominent benefits associated 

with plasmonic material in terms of LSPR are given as follows: 

1. Tunable resonating wavelength: (UV, near UV, visible, or IR) of the metal 

nanoparticles can control the size, shape and surrounding environment (Kelly, 

2003). 

2. Enhanced light absorption effect: The LSPR can drastically enhance the 

absorption of visible light (low BG photocatalysts)/UV light (Thomann, 2011) 

(large BG materials) (Awazu, 2008). 

3. Reduced diffusion length: This is compatible to the minority carrier diffusion 

length of 10 nm (Zhdanov, 2005; Linic, 2011; Mubeen, 2011); with the strong 

absorption of the incident light in a thin layer, it will be beneficial to materials 

that present poor electron transport. 

4. Enhanced local electric field: The LSPR creates an intensive local electric field, 

which favors photocatalytic reactions by excitation of the electrons and holes 

(Wu, 2010; Torimoto, 2011) or by increasing in the number of photoexcited 

electron and holes that heats up the surrounding environment to enhance the 

redox reaction rate and the mass transfer (Sun 2009; Christopher, 2011), and 

polarized the nanopolar molecules for better adsorption (Mubeen, 2011). 

5. Other contributory effects: In addition to the aforementioned effects in 

photocatalysis, plasmonic photocatalysis enjoys some other benefits also such as 

higher light utilization efficiency, better temperature dependence, and enhanced 

molecule adsorption, polarization, the catalytic effect of the noble metal (e.g. Pt 

for hydrogen evolution), and the quantum tunneling effect (Wang, 2012). 

6. Benefits of Schottky junction: Electrons and holes are compelled to move in 

different directions once they are created inside or near the Schottky junction 

(Thimsen, 2011) and the phenomena prevent the recombination of the 

photocarrier. 
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1.13 Adverse effect of Metal nanoparticles 

Beside aforesaid goodness of the nanoparticles, there are few bad effects associated 

with nanostructures, which are listed below: 

1.  Shading effect: metal nanoparticles loaded on the surface of the semiconductor 

reduce the light-receiving area of the semiconductor. The shading effect affects 

the photocatalytic systems that require irradiation of the semiconductor part. 

2.  Block active sites of semiconductors: Some area of the semiconductor surface 

i.e. pores (active areas) may even blocked by plasmons, results in reduction of the 

specific surface area of the semiconductor and thus affects adversely the 

photocatalytic activity. 

3. Recombination centre: The noble metal nanoparticles could act as a 

recombination centre. Due to the contact between the metal and the semiconductor 

could from surface states at the interface, which promotes charge trapping, 

recombination, and Fermi level pinning processes (Nakato, 1975; Nakato and 

Tsubomura, 1985; Primo, 2011). 

4. Stability: Few problems are related with the stability of the metal/semiconductor 

mixture. The metal nanoparticles might undergo photocorrosion and leaching, 

result in a gradual loss of the photocatalytic performance over time (Herrmann, 

2005); the encapsulated from of molecular system can avoid this problem, at the 

cost of losing the “fast lane” transfer of the charge carriers to their 

semiconductors. 

Heterogeneous photocatalysis has five basic independent steps, (Sun, 2009) 

which can be benefited by the aforementioned phenomena as follows: 

1. Transfer of the carriers onto the photocatalytic surface to reactant may be boosted 

by fluid mixing. 

2. Adsorption of the reactants was improved by polarization (Awazu, 2008). 

3. Redox reactions at the adsorbed phase were facilitated by the metals fast transfer, 

charge carrier trapping, and high contact surface area would significantly enhance 
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the creation and separation of active electrons/holes associated with the localized 

heating effect to raise the reaction rate (Yu, 2009). 

4. Desorption rate of the production from the surface (transfer of the products away 

from the surface) was increased by the localized heating effect that increases the 

reaction rate (Chen, 2008; Adleman, 2009) and boost fluid mixing. 

In usual practice, metallic structures are known for high optical losses, which 

is not good for transmitting light signals. Because the electrons use to oscillate in the 

electromagnetic field and collide with the electrons present in the close vicinity of 

atomic lattice and soon dissipated the field energy. However, when the plasmonic 

material exposed to sunlight, free electrons of the noble metal nanoparticles integrated 

with the photon energy of sunlight and produces subwaves and to propagate electrons 

in oscillating mode, result in to enhance optical properties and to lower the energy 

losses due at the interface (Low electron density zone) between the nanometals and 

the bulk semiconducting material, where there are no free electrons to collide or to 

dissipate the energy. Hence, plasmons can be propagated at interface (semidconductor 

and noble metal surface) for several centimeters before dying. This propagation length 

can be maximized if the waveguide employs in an asymmetric mode, which pushes 

the greater portion of the electromagnetic energy away from the guiding metal film 

and into the surrounding dielectric, thereby lowering energy losses. Thus, electrons of 

noble metals act as LSPR systems (Figure 1.18) and produces the active thermal 

redox reaction centers on the catalyst surface that can scatter, trap, and concentrate the 

light, and to enhance the number of active sites and rate of electron-hole production 

through fast charge transfer process at the photocatalyst‘s surface. 

(a) (b)  

Figure.1.18 (a) Scheme for the localized surface plasmonic hot electrons of a noble 

metal and (b) light harvesting oxide-oxide heterojunctions for efficient solar photo 

electrochemical water splitting by using the material AuNP/ZnFe2O4/ZnO. 
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The material systems will be mainly grouped based on the structure of the 

metal and photo catalyst for example, nanoparticles in the sole-metal form, 

nanocomposites in the embedded form, nanocomposites in the encapsulated form, and 

nanocomposites in the isolated form. 

The charged chemical compound are selectively attracted or repelled by the 

accumulated charges on the surfaces of the metal nanoparticles and the 

semiconductor. In addition, the dipole nature of the local electric field of the surface 

Plasmons attracts the polar molecules that can polarizes the nonpolar molecules. 

Au@ZnFe2O4/ZnO is a classical representative of the plasmonic photocatalysis, in 

which a hot electron of the plasmonic Au nanoparticles transfered to the CB of the 

ZnFe2O4 and ZnO for facilitating the absorbance of the light to increase the efficiency 

of the device (Figures 1.18b) (Sheikh, 2013). Au@TiO2 is an another good example, 

the presence of Au nanoparticale induces a space charge region (i.e. Schottky 

junction) in the TiO2. Plosmonic nanoparticles can build up an internal energy field E 

pointing from the TiO2 to the Au. The LSPR was created in response to the 

electromagnetic field of the incident light on small sized Au nanoparticles drives the 

collective oscillation of the electrons, which excites more electrons and holes. Such 

internal field forces induce the separation of electrons and holes, which suppress their 

recombination and let the excited electrons of Au NPs LSPR to have sufficient energy 

to go across the space charge region to fed them into the CB of TiO2 as depicted by 

(Zhang, 2013) under 633-nm light irradiation along with the experimental support. 

Some prominent systems that used for water splitting with their hydrogen generation 

oxygen efficiency, are listed in following Table no.1. 
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Table 2 Prominent systems used for hydrogen and oxygen generation via water 

splitting with light source and electrolyte 

S.N

. 

Main system  Light source Electrolyte  Hydrogen 

production 

(g-1 h-1) 

Oxygen 

Product

ion 

Ref. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

1. 

Au/CeO2 visible light (λ 

> 400 nm) 

aqueous 

AgNO3 

suspension 

--- 10.5 

μmol  h-

1) 

Primo 

A. et 

al., 

2011 
2. (ZnO)1–x(CdS)x core–shell 

nanorods/RuO2 co-catalyst, 

irradiation of 

solar light 

S2- and SO3
2- 

as sacrificial 

reagents 

6.18 mmol --- Wang 

et al., 

2010 
3. Ag/TiO2 UV and 

visible light 

irradiation. 

Alcohol 

sacrificial 

Agent 

1.05 μmol ------ Wu F. 

et al., 

2013 

4. Au-ZnO 

Photoelectrode 

Solar 

simulator with 

100 mW/cm2 

light. 

0.5M Na2SO4 

aqueous 

solution 

11.2 μmol  4.4 

μmol 
Chen H. 

et al., 

2012 

5. CdS  nanorods/ 

ZnS nanoparticale 

Visible light 

Irradiation (λ 

> 420 nm) 

aqueous 0.75 

M Na2S and 

1.05 M 

Na2SO3 in 

20mL. 

239,000 

µmol 

-- Jiang 

J.D. et 

al., 

2016 

6. Ni/CdS/g-C3N4 300 W Xe 

lamp(≥420 nm 

10 mL 

triethanolamin

e 

1258.7 μmol  -- Yue X. 

et al., 

2016 

7. Ru/SrTiO3:Rh 

PRGO(BiVO4)   

light source, 

300 W Xe 

lamp (λ > 420 

nm) 

H2SO4(aq) 11 μmol. 

 

5.5 Iwase 

A.et al., 

2011 

8. Pt–Co/g-C3N4 UV (l > 300 

nm) 

sacrificial 

reagents 

12.2 mmol  -- Zhang 

G.et al., 

2016 
9. 2wt%Au/TiO2-P25 150W metal 

halide lamp, 

intensity 30 

mWcm-2 

Methanol 7.20 mmol --- Maeda 

K., 

Domen 

K. 2007 
10. LaTiO2N Visible 

light (ì > 400 

nm) 

methanol 

(10vol %) as 

sacrificial 

reagent. 

30 μmol  41 μmol  Wang 

Q. et 

al., 

2016 
11. SrTiO2:La,Rh/Au/BiVO4:

Mo 

 

300W Xe 

lamp fitted 

with a Cut off 

filter(λ>420n

m) 

 

aqueous 

methanol (10 

vol%) and 

NaIO3 (4 mM) 

solution 

90 μmol --- Ingram 

D. B.,  

Linic 

S.et al., 

2011 

http://pubs.acs.org/author/Ingram%2C+David+B
http://pubs.acs.org/author/Linic%2C+Suljo
http://pubs.acs.org/author/Linic%2C+Suljo
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1.14 Typical examples of the plasmonic materials used for 

water splitting  

1.14.1 Gold Supported on Nanoparticulate CeO2  

(Primo et al., 2011) evident the 1 wt % gold-supported ceria nanoparticles generate 

oxygen from photocatalytic water splitting (10.5 μmol·h–1) even more competently 

from the standard WO3 (1.7 μmol·h–1) under the visible light (λ > 400 nm) even in 

UV irradiation (9.5 μmol·h–1). The extraordinary photocatalytic activity attributed to 

the reduced particle size of ceria (5 nm) by means of electrostatic binding of Ce4+ to 

alginate gel, localised spin plasmonic resonance effect associated with gold 

nanoparticle, subsequent supercritical CO2 drying, and calcination.  

(a)  (b)  (c)  

Figure 1.19 (a) SEM images of uncalcined CeO2; uncalcined CeO2 spheres; calcined 

CeO2(A); TEM Au (1.0 wt%)/CeO2. (b) Evolution of O2 upon visible light irradiation 

of an aqueous suspension of AgNO3 containing: 9WO3, 2CeO2, and 0CeO2 and (c) 

elementary steps proceed during the photocatalytic oxygen. (Primo et al., 2011) 

1.14.2 ZnO–CdS core–shell nanorods 

(Wang et al., 2010)  studied (ZnO)1–x(CdS)x core–shell nanorods, where (x =0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) for photocatalytic hydrogen evolution from water splitting under 

measurement conditions: 0.2 g sample, 300 mL aqueous 0.1 M Na2S and 0.1 M 

Na2SO3 solution as sacrificial reagent, and 300 W Xe light source.129  It was found 

that the photocatalytic activity and stability of ZnO–CdS core–shell nanorods with 

RuO2 co-catalyst is superior to that of ZnO–CdS core–shell nanorods with Pt co-

catalyst.  
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a) (b) (c)  

Figure 1.20 (a) SEM images of (A) ZnO nanorods and (B) (ZnO)0.8(CdS)0.2 core–

shell nanorods, (b) Schematic of (A) ZnO–CdS heterostructured nanoparticles used 

for (B) hydrogen generation through core–shell nanorods and (c) Comparative 

photocatalytic H2 evolution rate of CdS particles, ZnO nanorods, and the (ZnO)1–

x(CdS)x core–shell nanorods, where (x =0.1, 0.2, 0.3, 0.4, 0.5, 0.6) are denoted as 101, 

102, 103, 104, 105 and 106, respectively, prepared at 400oC for 1 h in H2S 

atmosphere. (Wang et al., 2010)   

1.14.3 Ag/TiO2 Nanotube Arrays  

The Au/TiO2
 (Wu et al., 2013) system with surface plasmon resonance (SPR) 

effect was employed to study the photocatalytic water splitting to produce the 

renewable solar hydrogen gas. Where, silver nanoparticles loaded on TiO2 nanotubes 

surface behaved as electron trapping centre retard the recombination of electron−hole 

pairs, result in improved reaction activity. However, the electron trapping 

phenomenon along with the SPR effects are responsible for the photoactivity 

enhancement. The intensified electric field at the interface between the Au particles 

and the subdomain TiO2, is used for photocatalytic degradation of methylene blue and 

photocatalytic water splitting performed on Au/TiO2, prepared by the photodeposition 

method (Figures 1.21).  

(a)  (b) (c)  

Figure 1.21 (a) Morphological images of the plasmonic Au particles loaded on TiO2 

nanotubes used (b) for photocatalytic hydrogen generation using water splitting and 

(c) their electron transfer mechanism (Wu et al., 2013) 
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1.14.4 Plasmonic Au@ZnO  

(Wu et al., 2013) Artificial photosynthesis attracts investigators to use same 

phenomena for transferring solar energy into chemical fuels. Study concern about 

how the effect of plasmon excitation and other factor dominates the solar splitting of 

water in photovoltaic devices that to experimentally demonstrate (The finite-

difference time-domain (FDTD) program with MEEP, photolectrochemical current 

density measured as a function of the wavelength of light, density function theory, X-

ray absorption near edge spectroscopy, simulated heat generation distribution map of 

Au nanospheres-ZnO nanorod) the effects of plasmons upon an Au nanostructure–

ZnO nanorods array as a photoanode. About 11.2 and 4.4 μmol h-1 of H2 and O2 gas 

molecules were generated by the Au-ZnO photoanodes and platinum cathode under 

irradiation by AM 1.5 illumination in 0.5 M Na2SO4 (pH=6.8) aqueous solution with 

the Faraday efficiencies: 86% and 69%, respectively. (Jiang et al., 2016) 

 (a) (b)  (c)  

Figure 1.22 (a). SEM images of bare ZnO (a) and Au@ZnO photoelectrodes with 

nanoparticles deposited for 12 h deposition (b) Time courses of H2 and O2 

evolution using Au@ZnO and ZnO photoelectrodes under AM 1.5G solar 

simulator and (c) electron transfer mechanism of Au@ZnO system with 

evident of plasmonic phenomena by X-ray absorbtion spectroscopy. (Yue et al., 

2016) 

1.14.5 Z-Scheme (Ru/SrTiO3:Rh)/(PRGO/BiVO4 )  

(Iwase et al., 2011) During the Z-scheme photocatalysis system, the 

photoreduced graphene oxide can shuttle the photogenerated electrons from an O2-

evolving photocatalyst (BiVO4) to a H2-evolving photocatalyst (Ru/SrTiO3:Rh) Here, 

the reduced graphene oxide played a role of solid electron mediator for water splitting 

in the Z-scheme photocatalysis process that  tripled the consumption of electron–hole 

pairs in the water splitting process to generate 11.0 μmol g-1h-1  hydrogen and 5.5 
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μmol g-1h-1  oxygen gas under the visible-light irradiation in acidic medium (pH=3.5), 

as demonstrated by (Iwase et al., 2011) (Figure 1.23). 

(A) (B) (C)  

Figure 1.23 (a) Schematic representation of a mechanism of water splitting in a Z-

scheme photocatalysis system consisting of Ru/SrTiO3:Rh/BiVO4 and 

Ru/SrTiO3::Rh/PRGO/BiVO4 under visible-light irradiation, (b) electronic 

microscopic images of Ru/SrTiO3: Rh and PRGO/BiVO4 suspended in water at pH 

3.5 (adjusted by H2SO4) and pH 7.0 and (c) overall water splitting under visible-light 

irradiation by the (Ru/SrTiO3:Rh)/(PRGO/BiVO4) system under the experimental 

conditions: catalysts (0.03 g each) in H2SO4(aq) (pH 3.5, 120 mL); light source:300 

W Xe lamp with a 420 nm cutoff filter; top-irradiation cell with a Pyrex glass 

window.(Wang et al.,  2016) 

1.14.6 Nanocomposite Ag/N-TiO2  

In photocatalytic reactions such as photocatalytic water splitting with oxide 

semiconductors, the high rate of charge-carrier recombination is a critical factor that 

limiting the rate. Therefore, (Ingram and Linic, 2011) demonstrated the effect by 

combining a semiconductor photocatalyst with the tailored plasmonic-metal 

nanostructures by the support of the formation of resonant surface plasmons in 

response to a photon flux, localizing electromagnetic energy close to their surfaces 

(Figure 1.24). The advantage of the formation of e−/h+ pairs near the semiconductor 

surface is that these charge carriers are readily separated from each other and easily 

migrate to the surface for performing photocatalytic transformations. 

 

Figure 1.24. Illustration of the Ag/N-TiO2 nanocomposites photoanode used for the 

measurement of the photocurrent density curve.(Ingram and Linic, 2011)                

http://pubs.acs.org/author/Ingram%2C+David+B
http://pubs.acs.org/author/Linic%2C+Suljo
http://pubs.acs.org/author/Ingram%2C+David+B
http://pubs.acs.org/author/Linic%2C+Suljo
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1.14.7 Au Nanostructure-Decorated TiO2 Nanowires 

(a) (b) (c)  

Figure 1.25 (a) TiO2 nanowire- decorated with Au NP and Au NR and their 

respective UV-visible absorbance plot(b) electronic transition for the Z-scheme 

system with Pt/Cr, Ta doped -rutile (O2) and -anatase (H2) TiO2 system and (c) TEM 

images along with elemental mapping of Au NPs and NRs -TiO2. (Pu et al., 2013) 

(Pu et al., 2013) demonstrated that the photoactivity of Au NPs and NRs - 

decorated TiO2 electrodes were used for photo electrochemical water oxidation in the 

entire UV−visible region from 300 to 800 nm. The samples with Au nanoparticles 

(NPs), Au nanorods (NRs), and a mixture of Au NPs and NRs were deposited on the 

surface of TiO2 nanowire arrays along with bare TiO2. And it is found that the bare 

TiO2, Au NP decorated TiO2 nanowire electrodes exhibited significantly enhanced 

photoactivity in both the UV and visible regions of sunlight. Mixture of Au NPs and 

NRs-decorated TiO2 electrodes showed the maximum photoactivity enhancement 

was, however, observed in the visible region only (maximum at 710 nm). 

Monochromatic incident photon-to-electron conversion efficiency (IPEC) 

measurements indicated that the excitation of surface plasmon resonance of Au is 

responsible for the enhanced photoactivity.  The work could provide a insight view 

for designing an appropriate plasmonic metal/semiconductor composite systems to 

harvest the entire UV−visible light for solar fuel production. 

1.14.8 Quantum Dot CdTe Monolayer Sensitized ZnO Nanowire   

 One-dimensional nanostructures of ZnO offer the additional potential 

advantage of improved charge transport when they were associated with the zero-

dimensional nanostructures (quantum dots; CdTe) such as nanocrystals. (Chen et al., 

2010) The electron donors, or hole scavengers such as sulfide ions or selenium ions, 
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photogenerated holes irreversibly oxidize the reductant rather than the water. Use of 

CdTe QDs is advantageous due to more favourable conduction band energy (ECB=-

1.0 V vs. NHE) that can inject electrons into ZnO faster than CdSe (ECB= -0.6 V vs. 

NHE). Monolayer of CdTe QDs deposited on the surface of ZnO nanowires would 

further improve the stability of the system in electrochemical reactions of course by 

avoiding anodic decomposition/ corrosion of CdTe, result in enhancing the overall 

water splitting performance. 

(a) (b) (c)  

Figure 1.26. (a) SEM images of quantum dots CdTe loaded ZnO nanowires on FTO 

substrate (cross sectional and topical view), (b) schematics of the photocatalytic water 

splitting and CdTe QDs loaded ZnO nanowires under irradiation sunlight and (c) 

current density-voltage plots for different composition of CdTe loaded ZnO 

nanowires after different deposition time. (Chen et al., 2010) 

1.15 Summary 

In this chapter we discuss the current energy status and its future perspectives. 

Water and solar are established as a good renewable sources of energy. And by using 

artificial photosynthesis process we discussed water splitting phenomenon for 

hydrogen production using large number of photocatalyst. Out of these different type 

of photocatalysts we focused on plasmonic nanocomposite Ag/AgX@ZnO 

photocatalyst made of Ag, AgX (X= Cl, CO3
-2, PO4

-3, NO3
-, SO3

2-) and ZnO by using 

microwave and conventional single pot refluxing method. After characterisation we 

used these photocatalytic material for hydrogen production via water splitting. These 

systems discussed in detail in Chapter 3. 
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ABSTRACT 

This chapter explains the elementary instrumentation knowledge and their usages 

in our studies. It describes the various analytical techniques, which was utilized for 

analyses of the samples and water splitting application of the as-synthesized 

nanophotocatalysts. This chapter also describes the basic theories and main working 

principles behind the important characterization tools i.e. XRD, FTIR, UV-Vis 

spectrophotometr Specrofluorimeter, ATR, microwave synthesizer, electron microscopy, 

centrifuge, digital pH meter, water splitting assembly, GC with TCD, etc that were used 

for investigation. 
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2.1. Instrumental techniques  

This part of the thesis describes various major instrumental techniques such as 

UV-VIS spectrophotometer, X ray diffractometer, FTIR spectrophotometer, SEM, 

EDX, TEM, etc. along with other minor analytical techniques had been adopted to 

study the various properties such as phase purity, crystallinity, optical properties, 

bonding, functional groups, shape, size, surface morphology, elemental composition 

and binding energy of the as prepared nanocatalysts.  

2.1.1. Ultraviolet -Visible Spectrophotometer  

Ultraviolet-visible (UV-Vis) Spectroscopy is an ideal technique for determining 

the electronic transition in different levels that used for calculating the band gap and 

particle size of both organic and inorganic materials. Double beam UV-Vis analyses 

of the samples can be performed on samples either dispersed in a solvent or embedded 

in the insulating solid matrix with BaCl2. Existence of the surface plasmon resonance 

(SPR) effect of the nanometal particles can be traced for the nanocomposite with Ag 

nanoparticle. Surface plasmon resonance is related to the light waves that are trapped 

on the metal surface due to the interaction of electrons with light, resulted hot 

electrons at metal surface (Brans et al., 2003) in presence of the supporting material 

ZnO/AgCl. 

The UV-Vis spectrum of metal nanoparticles embedded in dielectric media used 

to reveal the characteristic absorption peaks at a specific wavelength depending upon 

the nature of substance, its matrix, shape of the particles and their distribution (Bullen 

and Mulvaney, 2006; Templeton, 2000; Strelow, 1994) in lattice/surface. 

Furthermore, the observed optical properties are size-dependent and observed in the 

nano and atomic range, resulted in the peak broadening or shifting in the absorption 

wavelength. The excitation in such higher order modes can be explained by the 

homogeneous polarization phenomena of the nanoparticles in the electromagnetic 

field of light that intract with the nanoparticles of different size compatible to the 

wavelength of the incoming light radiation (Kreibig and Vollmer, 1995).  

For the present work UV-Vis absorption spectra were analyzed by using 

(LABINDIA UV- Visible 3000+) spectrophotometer situated at the Department of 

Pure & Applied Chemistry, University of Kota, Kota (Raj.) by using the quartz 

cuvette of light path length 1.0 cm and 5cm height. The compound was dissolved in 

methanol before place in cuvette. 
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Possible electronic transitions of π, σ and n electrons due to light absorption are: 

(1) The energy required for the excitation of an electron from the bonding s 

orbital to the corresponding antibonding orbital, is quite large. For example, 

methane with C-H bonds, can undergo σ → σ* transitions that show an 

absorbance maximum at 125 nm. But the absorption maxima due to σ → σ* 

transitions are not for our samples. 

(2) Saturated samples with lone pairs (non-bonding electrons) are capable of 

transition n → σ* transitions, which required the energy less than σ → σ* 

transitions and need light energy of wavelength ranging in 150-250 nm. The 

number of organic functional groups, which has n → σ* transition peaks in the 

UV region are low. 

(3) Most of organic compounds show transitions: n or π electrons to the n* 

excited state in absorption spectroscopy because the absorption peaks for 

above transitions fall in a convenient experimental region of the spectrum 

(200-700 nm). molecule (having unsaturated group) with π electrons are 

suitable for these transitions. Molar absorbance for n →n* transitions are quite 

low, found in the range from 10 to 100 L Mol-1cm-1. Where, →n* transitions 

normally give molar absorbance between 1000 and 10,000 L Mol-1cm -1. 

 

2.1.2. X-RAY Diffraction 

 
X-ray diffraction was performed on well grind powder samples using the X-ray 

diffractometer (PANalytical system diffractometer; Model: XPERT-3) with Nickel 

filter for Kβ radiation. X-Ray diffraction patterns were recorded for the 2 angle = 20° 

to 90° with a using Cu Kα (λ=1.542Å) radiation with an accelerating 40 KV voltage. 

Experimental data were collected at the scanning rate of 1°/min. The Kα doublets were 

well resolved with Ge filter. From XRD, the crystallite particle size of the sample can 

be measured by using the following Scherer’s formula, 

P = 0.9 λ/ β Cos θ 

Where: 

                       P = Crystallite size in nm 

                       λ = Wavelength of X ray (1.540 nm), 

                       β = Full maxima half width in degree, 

                       θ= Diffraction angle in degree 
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Figure 2.1 PANalytical system diffractometer (Model: XPERT-3) 

 

And, it was found that the crystallite size of the nanostructure sample measured by 

Scherer’s formula is similar to the value determined by the another instrument i.e. 

particle size analyzer. 

2.1.3. Fourier Transform Infrared (FTIR) Spectrophotometer  

FTIR is a technique based on the principle that the most of the molecules absorb 

the infra-red region of the electromagnetic spectrum of light in the wave numbers 

over the range 4000–600 cm-1. These absorptions correspond to the specific bonds 

present in the molecule which vibrates in a particular mode (inter-atomic bond 

vibration in stretching or bending mode). When IR radiation passing through a 

sample, then an infrared spectrum is obtained depending upon the factor, which 

fraction of the incident radiation was absorbed by a particular system. The energy of 

peak in an IR spectrum matches to the vibration frequency of a sample molecule 

(Stuart and Ando, 1996). In IR spectrum, the frequencies of the infrared radiation 

absorbed (peaks or signals) can be directly correlated to the bonds present in the 

compound due to inter-atomic bond vibration in different motions (stretching or 

bending) therefore one individual bond may absorb at more than one IR frequency. 

Usually stretching absorptions produce stronger peaks than bending absorption. 

However, these weaker bending absorptions are useful in discriminating the similar 

types of bonds mostly for aromatic substitution.  



Chapter-2 

 

70 

 

Attenuated total Reflectance FTIR (ATR-FTIR) technique used to study the 

surface of materials. It is a modified version of FTIR, in which IR radiations are not 

transmitted through the sample but reflected by the sample. Consequently, a specimen 

is not placed between two IR windows, but against an IR crystal (ZnSe, diamond or 

Ge). ATR requires very little or no sample preparation for the most samples and is 

one of the most versatile sample analysis technique (Settle, 1997). It is used for 

observing IR spectra of difficult samples, which cannot be readily examined by the 

normal transmission method, such as thick or highly absorbing solid and liquid 

materials such as: powders, films, coatings, adhesive, polymers, threads, and dense 

aqueous samples. During analysis process, the analysing sample was pressed into the 

optical contacts with the top surface of the IR crystal. Here, we record FTIR spectra in 

diffuse reflectance mode using FTIR spectrophotometer (Bruker- model Tensor -27 

Model), located at Department of Pure & Applied Chemistry, University of Kota, 

Kota (Raj.)  The FT-IR spectrum was recorded in the range of 400-4000 cm-1 by 

mixing the sample with dried KBr (in 1: 20 weight ratio) with a resolution of 4 cm-1. 

The powder sample was placed on a sample holder and the spectrum was recorded.  

 

 

 

 

 

 

 

 

Figure 2.2 Bruker -Tensor FT-IR Spectrophotometer 

 

2.1.4. Scanning Electron Microscopy (SEM)  

The Scanning electron microscope (SEM) is an advance version of optical 

microscope with higher and better magnification and resolution that can be used to 

produce the high resolution surface morphological images of sample’s surface. far 

superior to optical systems. The main principle of SEM is focused on the interaction 

of an accelerated electron’s beam (which carry extra kinetic energy) with the 

specimen (Grundy and Jones, 1976). Due to the excess energy of electron that 
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decelerated in the solid sample and give a variety of signals produced surface image 

of the sample and is found useful for judging the surface structure of the sample. The 

electron microscope is well equipped with a field emission gun, operated at an 

accelerating voltage vary from 0.2 to 30kV, with a resolution of images of 2 nm. A 

schematic diagram of an SEM apparatus is given below in Figure 2.3. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.3 Ray diagram of the Scanning Electron Microscope (Goldstein, 1992) with 

its essential elements. 

SEM images can be collected in two modes: these are: 1) front specimen 

imaging mode that used the intensity of the incident illuminating electrical beam, 

dissipated in the sample to produce an image. 2) Backscattering image mode, that 

usages the high-energy electrons offered from 180 degrees angle from the incident 

electron beam’s direction. 

In our study, SEM analyses was performed with an FESEM instrument from 

FEI Nova Nano Lab combined with focused ion beams, located at Material Research 

Centre (MRC) MNIT, Jaipur (Raj.). For sample preparation, the dispersed 

nanoparticles were centrifuged and ultrasonicated by probe sonicator in solvent for 40 

minutes. 30μl aliquots were then extracted and deposited on stub for FESEM analysis.  
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2.1.5. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is one of the most significant 

electron microscopic technique that often used to image nanomaterial with in sub-

nanometer resolution (High resolution TEM) limit by transmitting electron beam 

through the analysing sample to get the image of sample. Here, a image of the thin 

specimen is obtained when the electrons tramismitted through the sample with an 

electron beam at uniform current density (Reimer, 1989) and acceleration voltage of 

80-200 KV. These electrons are emitted from a target (tungsten or lanthanum 

hexaboride filament) or field emission (tungsten filament) electron guns. The 

illuminated area of specimen was controlled by a set of condenser lenses and 

objective lenses (see Figure 2.4 for ray diagram).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Transmission electron microscope with all important parts required for 

analyzing sampled in both imaging and diffraction modes. (Williams and Carter, 

1996) 

 

TEM images are used to characterise the crystallographic surface of the 

analysing material in image or diffraction mode. The particle size and distribution of 

nanoparticles was analysed in the image mode, while the crystalline arrangement was 

observed in diffraction mode. The morphological images of the sample are recorded 
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either by using CCD camera or photographic plate. Besides a high-voltage 

magnification, various other factors (TEM column alignment and selection of the 

optimum focus) should be well managed for acquiring the good quality HRTEM 

image. TEM column alignment needs electron gun and condenser lens alignment, and 

astigmatism correction of condenser and objective lens. HRTEM atomic image of a 

crystal is possible by the fulfilment of the certain conditions such as assortment of the 

optimum focus, etc are required.  

 

TEM Model- JEOL-2010F, located at Material Research Centre (MRC) MNIT, 

Jaipur (Raj.) has been used and operated with 200 kV energised electron beam. Under 

samples preparation 3–4 drops of the well ultrasonicated dissolved samples into 

alcohol was placed on to a 300-mesh carbon-coated Cu grid (EM sciences) and 

allowing the liquid to evaporate in air. The sample was twinned with CCD camera 

and plate film camera instrument, to get required information. The samples were 

prepared by using small amount of nanoparticles separated by centrifugation then 

ultrasonicated to disperse the suspensions, which was mounted on carbon coated 

copper grids.  

2.1.6. ENERGY DISPERSIVE X-RAY (EDX) 

Energy Dispersive X-ray Analysis (EDX) corresponding to the Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) technique 

was used to get information of the elemental composition of the sample. The 

analytical data acquired in the form of spatial peaks with resolution of approximately 

1 μm for SEM imaging and less than 10 nm for TEM imaging. This technique 

recognized the elements present in concentration of 0.1% or higher but elements with 

low atomic numbers are difficult to identify by using this method. An electron beam 

with energy in the range of 10-20 keV strikes the surface of a conducting sample that 

results in X-rays emission from the irradiated material that used for examine the 

sample. Lithium drifted Silicon detector is usually used in EDX. As generated X-ray 

strikes the detector surface to generate the photoelectron, which travel within Si 

detector to generate electron-hole pairs. The experiment must be performed at liquid 

nitrogen temperatures. As produced electrons and holes, are attracted to opposite ends 

of the detector in presence of strong electric field. The height of the current pulse peak 
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generated depends on the number of electron-hole pairs crafted or on the energy of the 

emitted X-ray. 

2.1.7. Spectrofluorimeter 

Basically spectrofluorimeter (Figures 2.5 and 2.6) comprises of two light 

sources of different wavelength selectors. One for excitation wavelength from the 

source i.e. low-pressure Hg vapor lamp, which generates intense emission lines share 

out throughout the ultraviolet and visible region (254, 312, 365, 405, 436, 546, 577, 

691, and 773 nm). And another source i.e. high-pressure Xe arc lamp for generating 

continuous emission spectrum for the sample. Both contain a monochromator for 

selecting particular wavelength of light.  

 
 

Figure 2.5 Instrument picture of the Spectrofluorimeter (Simazdu; RF) 

 

 

 
 

Figure 2.6 Sketch of fluorescence measuring instrumentation used with the 

wavelength selectors for excitation and emission. 
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In fluorimeter a filter is used where a monochromator is used in a 

spectrofluorimeter instrument. As resulted fluorescence, observed promote lowest 

energy absorption (π → π* transition) in a studied molecule. Usually, the 

unsubstituted or nonheterocyclic aromatic compounds show the good fluorescence 

quantum yields. 

Photoluminescence spectra were recorded in two steps by measuring the emitted 

radiation as a function of either the excitation wavelength or the emission wavelength. 

An excitation spectrum can be obtained by keeping fixed emission wavelength and 

varying the excitation wavelength. Mostly wavelength of excitation spectrum is 

nearly identical to its absorbance spectrum. The best excitation spectrum selected by 

changing various excitation wave length for a quantitative or qualitative analysis. 

For obtaining the emission spectrum (Figure 2.7), a fixed excitation wavelength 

used by varying intensity of emitted radiation. A molecule can give only a single 

excitation spectrum, to get two emission spectra: one belongs to fluorescence and 

another belongs to phosphorescence.  

 

Major classes of application of fluorimeter include the following: 

1. Detection and quantification of trace-level species, especially in biological-

clinical and environmental samples. 

2. Detection is separation techniques, especially liquid and thin-layer 

chromatography and electrophoresis. Coupling of laser-induced fluorescence 

to electrophoresis for rapid base sequencing of DNA fragments may have 

considerable significance in biotechnology. 

3. On-line analyses and remote sensing, using fiber optic sensors or laser-

induced fluorescence. 

4. Identifying, sorting, and counting particles (most notably biological cells) via 

fluorescence flow cytometry. 

5. In-situ imaging mapping and quantification of species in biological systems 

such as tissue and single cells. 
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Figure 2.7 Absorbance spectrum and fluorescence emission spectrum 

 

2.1.8. GC with TCD 

Gas chromatography is a term used to describe the group of analytical 

separation techniques used to analyze volatile substances in the gas phase. In 

gas chromatography, the components of a sample are dissolved in a solvent and 

vaporized in order to separate the analytes by distributing the sample between 

two phases: a stationary phase and a mobile phase. The mobile phase is a 

chemically inert gas that serves to carry the molecules of the analyte through 

the heated column. The stationary phase is either a solid adsorbent, or a liquid 

on an inert support. The combination of gas chromatography and mass 

spectrometry is an invaluable tool in the identification of molecules. A typical 

gas chromatograph consists of an injection port, a column, carrier gas flow 

control equipment, ovens and heaters for maintaining temperatures of the 

injection port and the column, an integrator chart recorder and a detector. To 

separate the compounds in gas-liquid chromatography, a solution sample that 

contains organic compounds of interest is injected into the sample port where it 

will be vaporized. The vaporized samples that are injected are then carried by 

an inert gas. This inert gas goes through a glass column packed with silica that 

is coated with a liquid. Materials that are less soluble in the liquid will increase 

the result faster than the material with greater solubility. 
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2.1.9. Ultrasonic Processor  

Ultrasonic processor (Coleparmer, Model EI-250UP) working at power 250 W 

(average) and frequency 20 KHz with a microprocessor based timer ranging from 0 to 

20 minutes was used to prepare the sample (few steps of the synthesizing) and 

analysing the prepared nanoparticles for electron microscopy TEM and SEM and 

other methods.  

2.1.10. Centrifuge  

Centrifuge (MAX model 8X15) instrument work on the principle of the 

centrifugal acceleration that results in the movement of the denser matters/ particles to 

move away from surface in the radial direction. Instrument includes Rotar with swings 

out heads was used to obtain solid nano substances out of colloidal solution of the 

nanoparticles. The instrument is located at Department of Pure & Applied Chemistry, 

University of Kota, Kota (Raj.). 

2.1.11. pH-Meter  

pH Meter, ERMA model pH-035 and Systronics digital pH meter, model MAC 

(MSW-552) were used for acquiring the required pH (for synthesis purpose) with the 

maximum uncertainty in pH of ±0.01 unit. After reduction the pH of sample was 

found to increase and move towards the basic range. The pH meter used for the study 

are situated at our department. 

 

2.2 Water splitting Instrumentation 

 
The nanocomposite Ag/AgX@ZnO catalyst (0.3 g) was suspended in 120 mL of 

20% aqueous CH3OH in reaction cell (volume ~220 mL, a double walled Pyrex glass 

with water jacket). The cell used a rubber septum to cover / sealed the cell. Experimental 

setup of the instrumentation for water splitting is exhibited by Figure 2.8. For ejecting the 

air content of the solution, the sample was purged with Argon gas for almost 1 h before 

the photochemical reaction about to perform. To expel the dissolve gases, Argon gas 

purged in inner jacket, to uphold the 1 atm. pressure of the solution. Temperature of the 

outer jacket was set at 25oC. The nanocomposite suspension was exposed with a 300 W 

Xe light source (>420 nm, light intensity 1x1022 photons per hour Xe lamp-HX1, Model: 

PE300UV). Photocatalytic responses of the photocatalyst in term of the water splitting 

ability was hourly monitoring was done in terms of the amount of the hydrogen expelled 

during the reaction time interval 2-4 h, using gas chromatograph (Shimazdu, Japan, 
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equipped with thermal conductivity detector (TCD) and molecular sieve with 5 A 

columns) during the course of the experiment. 

           

 

Figure 2.8 Instrumentation of the water splitting during experimental. 
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ABSTRACT 
We had successfully prepared microwave assisted lotus shaped 

Ag/AgCl@ZnO nanocomposites (NCs) of size 57.72 nm, in aqueous media at 90 oC 

for 7 min. heating. The conventional single pot refluxing method was also used to 

prepare NCs with diffrent shaped-nanoparticles (NPs) Ag/AgX@ZnO (X= Cl, CO3
-2, 

PO4
-3, NO3

-, SO3
2-) of size 45-60 nm at 90 oC heating for 3 h. X-ray diffraction (XRD) 

data of the Ag/AgX@ZnO NCs synthesized by the both methods, confirmed that the 

nanocomposite crystallized in three phases i.e. face-centered cubic (AgX), nano silver 

and wurtzite hexagonal (ZnO) phases. Electron microscopy and corresponding energy 

dispersive X-rays (EDX) analyses and their corresponding elemental mapping, 

envisioned the surface morphology and percentage elemental composition i.e. Zn, O, 

X, and Ag in the NC. The Ag/AgX@ZnO NCs exhibited the visible light harvesting 

ability with visible band gap i.e.2.5- 2.75 eV. All samples had shown the 

photoluminescence emission in yellow light region. However, the mode of heating 

affects the degree and types of defects generated in crystals. Therefore, the 

conventional sample represented more defects than microwave assisted samples. 

FTIR spectra was taken at different stages of the formation of the nanocomposites that 

visualized the gradual changes occur in bonding positions of NCs. We utilized this 

molecular system as an efficient visible-light harvesting optical devices for hydrogen 

production through water splitting. Microwave assisted Ag/AgCl@ZnO NCs and 

conventionally synthesised Ag/AgX@ZnO NCs samples librates hydrogen with time, 

through photocatalytic water splitting under AM 1.5G irradiation. 

Key words: Nanocomposite, Ag/AgXl@ZnO, plasmonics silver nanopartcles, 

one pot synthesis, microwave assisted synthesis, water splitting, hydrogen generation. 
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3.1 Introduction  
Nanomaterials are superior to their bulk counter substances due to their 

properties such as mechanical strength, thermal stability, catalytic activity, electrical 

conductivity, magnetic properties, optical properties, etc. These superb materials can 

be utilised in several fields because of their magnificent properties such as 

nanofabrication of nanodevices, nanobiology, and nanocatalysis for LED display, PV 

film making, self-cleaning window, temperature control fabrics, health monitoring 

clothes, solution to energy crisis, environmental problem, artificial joints, CNT chair, 

biocompatible materials, nanoparticle paint, smart window, data memory, CNT fuel 

cells, nano-engineered cochlear and many more. Therefore, we can say 

nanotechnology is gradually changing our life, but not enough. But the major 

challenges associated with the dealing with nanomaterials are to achieve 

monodispersity, size and shape control, reproducibility, scale up at industrial level, 

building up of the complex nanostructures. That can be sort out by making variation 

in synthesis process by changing pH, temperature, time, concentration of reagents, 

concentration of catalyst and precursors, phase transition materials, etc. 

3.2 Nanomaterial Synthesis Method 
There are two main approaches for synthesis of nanomaterials these are: 

Bottom-Up and Top-Down. (Hahn,1997) 

3.2.1 Top-Down 

 In top-down approach, fabrication of nanoscale structures by making a bulk 

material short with various physical/ chemical techniques-lithography, cutting, 

etching, grinding as shown by Figure 3.1. 

3.2.2 Bottom-Up 

In this approach (Figure 3.1), nanomaterials can be assembled from building 

blocks (such as atoms and molecules) by compiling atom-by-atom, molecule-by 

molecule, or cluster-by-cluster using chemical synthesis, self assembly, positional 

assembly method.  
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Figure 3.1 Schematic representation of the top to down and bottom to up approaches. 
(Hahn, 1997) 

Different synthesis techniques of the nanomaterial syntheses are classified by the 
Figure 3.2 and some of the important methods are discussed below. 

 

Figure 3.2 Sundry methods used for synthesis of nanomaterials. 

3.3 Chemical Methods 

3.3.1 Liquid phase synthesis  

Precipitating nanoparticles from a solution of chemical compounds can be 

classified in following categories: colloidal methods, sol–gel processing, water/oil 

micro-emulsions method, hydrothermal/solvothermal synthesis, microwave synthesis, 

sono-chemical synthesis, template synthesis, biomimetic synthesis, co-precipitation 

and polyol method (Barabaszova, 2006) 

3.3.2 Colloidal Method  

Colloidal methods are the most useful, easiest, and cheapest ways to create 

nanoparticles of different metal and metal oxides gold, molybdenum iron, silver, ZnO, 

TiO2, etc. Colloidal methods may utilize both organic and inorganic reactants. In a 
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typical colloidal method, a metal salt reduced in to evenly dispersed nanoparticles in a 

liquid. Aggregation is of particles can be prevented by electrostatic repulsion or the 

introduction of a stabilizing reagent that coats the particle surfaces. Particle sizes 

range from 1-200 nm, are controlled by the initial concentrations of the reactants and 

the action of the stabilizing reagent.  

3.3.3 Sol-gel Method 

 Sol-gel technology is a well established colloidal chemistry technology, 

which used to offer the possibility to produce various materials with novel, predefined 

properties in a simple process and at relatively low process cost. The sol named a 

colloidal solution, which made of the solid particles (of few hundred nm in diameter) 

that suspended in a liquid phase. The gel can be considered as a solid macromolecule 

immersed in a solvent. Sol-gel process consists in the chemical transformation of a 

liquid (the sol) into a gel state and with subsequent post-treatment and transition into 

solid oxide material. The main benefits of sol–gel process are the high purity and 

uniform nanostructure can be obtained at low temperature. Figure 3.3 brief the step by 

step process of nanomaterial synthesis using sol-gel technique. (Fernandez-Garcia et 

al., 2004) 

 

Figure 3.3 Flow chart of nanomaterial synthesis using sol-gel technique. (Pierre, 

1998), 
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3.3.4 Micro emulsion-based methods 

Ultrafine metal nanoparticles of diameter between 5 nm and 50 nm can be 

prepared by water-in-oil micro emulsions. Where, water nanodroplets are dispersed in 

the oil phase. The reactant metal salts and reducing agents are mostly soluble in water. 

One microemulsion contains the metal salt and the other microemulsion contains the 

reducing agent. The size of the water droplets can be varied in the range of 550 nm 

depending upon the water/surfactant ratio. Here, the role of the surfactant molecules is 

to provide the sites for particle nucleation and to stabilize the growing particles. 

Therefore, in the microemulsion process the nanodroplets acts as a micro reactor and 

the nucleation of particles proceeds in the water pools of the microemulsion. 

(Ghosh,1999; Kumar and Mittal, 1999). 

water-in-oil microemulsion method are extensively used in synthesis of iron, 

platinum, cadmium, palladium, silver, copper, nickel and gold nanoparticles.  

3.3.5 Hydrothermal synthesis  

Hydrothermal synthesis includes the crystallization of the fabricating 

substances from high-temperature aqueous solutions at high vapour pressure. 

Hydrothermal method based on the principle that an insoluble material could be made 

soluble by imposing high temperature and pressure. The crystal growth proceeds in a 

steel vessel called an autoclave, in which a reactants are supplied along with water. A 

temperature gradient is well preserved between the both (opposite) ends of the growth 

chamber. The reactants/solute got dissolved at the hotter end while seed crystal start 

growing in the desire shaped crystal at the cooler end. (Yang et al.,2001) 

Advantage of the hydrothermal method is that one can grow the crystals of the 

compounds (with high melting points) at lower temperature using aqueous medium. 

The method is suitable for the growth of large good-quality crystals by maintaining 

their composition. The main disadvantage of this method is the use of expensive 

autoclaves and hard to observe the minute to minute crystal growth process. (Carp et 

al., 2004). 
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3.3.6 Microwave synthesis 

 Microwave assisted synthesis for the production of inorganic compounds has 

been studied since 1986. The interaction of dielectric materials (liquids or solids 

from) with microwaves leads to the dielectric heating. Electric dipoles of the above 

materials respond to the applied electric field. In liquids, constant reorientation leads 

to the friction between molecules, which subsequently generate heat. Microwave 

irradiation is a heating method that includes the thermal effect along with the 

nonthermal effects (Galema, 1997). It has a number of applications in chemistry. The 

microwave assisted heating frequencies lies between 918 MHz to 2.45 GHz, with the 

latter frequency being most often used. The simple household multimode microwave 

ovens to large-scale batch as well as continuous multimode oven are used for 

microwave chemistry. In comparison to the conventional oven heating microwave 

heating (volumetric) of liquids, is an alternative heating approach with specific 

advantages (fast and homogeneous heating effects) in the synthesis of inorganic 

nanoparticles and keeps growing its utility to materials science. Therefore, microwave 

assisted heating method are more advantageous with short reaction time, high energy 

efficiency and the ability to induce the particles formation with small size particles 

with narrow particle-size distribution and high purity. (Ma et al., 2005; Wu et al., 

2005) 

 

Figure 3.4 Comparison between the microwave Vs oil-bath (conventional) heating. 
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3.3.7 Photochemical Synthesis  
Presently, the photo energy is greatly used in synthesis of variety of molecules 

and to induce a variety of photochemical reactions. This method has the potential 

advantage of mild reaction conditions, convenient operations and use of the simple 

and cheap equipments. Usually, a low-pressure mercury pillar lamp and a high-

pressure column-like indium lamp are used as the ultraviolet irradiation and visible 

photo irradiation sources, respectively. This technique may be extended to prepare 

other sulfide semiconductor nanoparticles, including ZnS, Ag2S, PbS, NiS, CuS, 

nanocrystalline CdS with different morphologies. This method provides a mild 

chemical route to fabricate the semiconducting nanowires, which can be applied in 

many fields. 

3.4 Physical Methods 
3.4.1 Physical Vapour Deposition (PVD)  

PVD includes several technological processes like, pulse Laser deposition, 

cathodic arc deposition from the cathode, plasma method, electron beam vapour 

deposition, sputtering deposition, and many more. (Barabaszova, 2006) 

3.4.2 Plasma method  
Plasma is a forth state of matter and consists of a hot ionized gas having the 

approximately equal numbers of positively charged ions and negatively charged 

electrons. In the plasma method, reactions of elements or molecules occurred in the 

gaseous state. An essential part of the plasma processes is evaporation of key in 

material through high temperature to achieve its plasma state that followed by the 

cooling that leads to the re-nucleation of products in a form of highly dispersed 

nanoparticles of various sizes. It is widely used and environmentally acceptable 

chemical procedure for preparation of nanomaterials. Highly dispersed nanopowders 

of nitrides, carbides, borides and oxides of metals and pure metals, can be made using 

this technique. The synthesis of powder materials on the basis of gaseous phase 

reactions is based on random processes of formation of particles. Plasma can occur in 

the equilibrium or non-equilibrium state. In the former case, all components of plasma 

(ions and neutral gas) having the same thermal energy and known as a high-

temperature plasma. Where, in latter case the plasma components have different 

thermal energy levels. In the non-equilibrium plasma, electrons have the highest 
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thermal energy, ions have lower and the neutral gas has the lowest thermal energy. 

This state is designated as a low-temperature plasma. (Barabaszova, 2006) 

 

3.5 Study of nanocomposite Ag/AgCl@ZnO 

3.5.1 Experimental Material and Methods 

3.5.1.1 Materials 

All chemical used as-purchased (of make Sigma Aldrich) in the synthesis of 

nanocomposites and their application in water splitting without further purification. 

These chemicals are: hexahydrated-zinc nitrate, sodium chloride, sodium hydroxide, 

and silver nitrate, etc. 

3.5.1.2 Synthesis  

3.5.1.2.1 Conventional Synthesis 

Ag/Zn- nano particles supported ZnO/AgCl NCs were fabricated by the one-

pot refluxing method, described at somewhere else (Pirhashemi and Habibi-Yangjeh, 

2014). In which, 5.220 g hexahydrated zinc nitrate and 2.110 g silver nitrate were 

mixed in 50 mL of deionised water (DIW) and stirred at room temperature and 

followed by the addition of aqueous NaOH (5 M) to adjust the pH of the solution 10. 

Above mixture was treated with 1.450 g NaCl in 20 mL of water. Then, the 

suspension was refluxed at 90 oC for 3 h. Resulting product was centrifuged and 

washed several times with DIW and ethanol mixture and dried in an oven at 60 oC for 

24 h.         

                                    

(a) (b)  
 

Figure 3.5 Schematic presentation of fabrication of nanocomposite Ag/AgCl/ZnO 

using one pot conventional method. 
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3.5.1.2.2 Microwave Synthesis 

 Microwave synthesizer (CEM, Model-Discover) was opted to prepare the 

Ag/Zn NPs embedded ZnO/AgCl NCs with 0.383 mol fraction of silver chloride with 

respect to ZnO. A solution of 5.220 g Zn(NO3)2.4H2O and 2.110 g AgNO3, were 

made in 50 mL of deionised water (DIW) and stirred at room temperature. Thereafter 

the aqueous NaOH (5 M) was added in the solution to adjust the pH of the solution 

10. Above solution was treated with 1.450 g NaCl in 20 mL of water. Then, the 

suspension was heated in microwave at 90 oC for 7 min. Resulted product was 

centrifuged and washed several times with DIW and ethanol mixture and dried in an 

oven at 60oC for 24 h. 

3.5.2 Analysis of hydroxyl radical (•OH) in photocatalytic solution 

The hydroxyl radicals (•OH) formed during the photo-illumination of the 

samples/water interface, can be traced by the use of basic terephthalic acid (as a probe 

molecule) solution in the photoluminescence (PL) method using double beam 

spectrofluorimeter (Yu et al., 2009). In this method, the hydroxylation of the 

terephthalic acid was taken place when it reacted with •OH radical and as-synthesized 

2-hydroxyterephtalic acid at the water/catalyst interface, exhibited the PLE signal 

around 425 nm at the excitation wavelength of 315 nm. The intensity of the PLE peak 

of 2-hydroxyterephtalic acid is directly proportional to the amount of •OH radicals 

produced in the water. Under the experimental procedure 0.3 g of the sample was 

added to 110 mL of 5 × 10−4 M terephthalic acid (pH=10) that was prepared in 

aqueous 2× 10−3 M NaOH. Afterwards the solution was exposed to the 300 W Xe 

light source, by keeping the other experimental conditions same as used in 

measurement of photocatalytic water splitting activity. Spectrofluorimeter (Simandzu; 

Model: RF-5301) of the department was used to measure the PLE spectrum of the 

above mentioned solution at room temperature.  

3.5.3 Water splitting analysis 

Photocatalytic H2 evolution power of the as synthesised samples was carried 

out in a 20% methanolic (hole-scavenger) solution of Ag/AgCl@ZnO samples at RT. 

Where, 0.3 g of the Ag/AgCl@ZnO in an aqueous methanolic solution (160 mL H2O 

and 40 mL CH3OH) was suspended in a double wall reaction cell of Pyrex glass, 

equipped with a quartz window. Reaction cell was connected to a closed gas 
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circulation (argon) of 1 atmosphere pressure to evacuate the solution several times up 

to the complete removal of the air from the reaction vessel and then system was 

irradiated by a light source (300 W Xe lamp) for the photocatalytic observations. The 

amount of H2 evolved during the photocatalytic experiment, was monitored in the 

graduated tube connected directly through the reactor over the water tank. Hydrogen 

gas was detected using the gas chromatography that was equipped with a thermal 

conductivity detector (TCD, GC-8A, China gas chromatograph; and Ar as carrier 

gas). 

3.5.4 Characterization 

 Several techniques were used to characterize the nanocomposite 

Ag/AgCl@ZnO using technical tools such as: UV-Vis absorption spectroscopy, FE-

SEM, EDX, spectroflurometery, XRD, PLE and FT-IR, etc. Crystalline nature of the 

nanocomposites was characterized by XRD, using PANalytical Xpert-Pro 

diffractometer of MNIT, Jaipur, well equipped with Ni-Kβ filter for CuKα radiation at 

40 kV voltage and 30 mA current. Morphology of the sample was evaluated by using 

FESEM (JEOL JSM-6700F). The UV-Vis spectra were recorded with multimode 

microplate reader (Lab India Model 3000+ with Diffuse Reflectance Spectroscopy) in 

the wavelength range between 200 and 800 nm. An FT-IR spectrum was recorded 

using spectrophotometer (Bruker Model Tensor 27) available at our institute. 

Furthermore, photoluminescence emission (PLE) spectrum of the Ag/AgCl@ZnO 

nanocomposite material was characterized by using spectrofluorimeter (Simandzu; 

Model: RF-5301) of our department. 

By using above methods we had synthesized total six systems, these are: 

Ag/AgCl(NaCl)@ZnO, Ag/AgCl(BaCl2)@ZnO, Ag/AgPO4@ZnO,                        

Ag/AgNO3 (NaNO3)@ZnO, Ag/AgCO3(NaCO3)@ZnO and Ag/Ag2SO3@ZnO, 

nanocomposite systems. 

3.5.5 Results  

3.5.5.1 XRD 

The phase purity of the Ag/AgCl@ZnO NC was tested using XRD profile, 

depicted in Figure 3.6. Diffraction patterns of the studied samples are found at 27.942 

°(111), 32.34 °(200), 46.34 °(220), 54.94 °(311), 57.58 o(222), 67.54 °(400), 74.76 
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°(331) and 76.82 o(420) attributed to the highly crystalline two prominent phases that 

corresponds to the face-centered cubic (chlorargyrite) phase (reference JCPDS card 

No.31-1238) of the AgCl with their cell parameters : a=b=c= 5.545 Å, α=β=γ=90o at 

z=4, and space group Fm3m (225) along with FCC (zinc blende) crystalline phase 

(reference JCPDS card No. 80-0020) of ZnS (Ai et al., 2013; Fang et al., 2013)  with 

their cell parameters: a=b=c=5.345 Å, α=β=γ=90o at z= 4 and space group F4-

3m(216). The careful examination of diffraction peaks exhibits tiny peaks at 38.56° 

(111), 46.34° (200), 67.54° (220), 76.82° (311) position that belongs to the standard 

JCPDS card No.04-0783 of pure silver (cell constants a=b=c= 4.0857 Å, α=β=γ=90 o 

at z= 4 and space group Fm3m (225) that also confirmed the presence of the small 

particles of silver and their size was calculated by using the Scherrer formula. 
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Figure. 3.6 Diffraction patterns of the nanocomposite Ag/AgCl@ZnO, synthesized 

by one pot conventional and microwave method. The XRD peaks are exactly matched 

to those of the bulk FCC chlorargyrite phase (JCPDS card No.31-1238) of the AgCl 

with cell parameters: a=b=c= 5.548 and α=β=γ=90o at z=4 with space group Fm3m 

(225), FCC zinc blende crystalline phase (JCPDS card No.80-0020; ZnS) of ZnO with 

cell parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 and space group F4-3m (216) 

and standard JCPDS card No.04-0783 of pure silver (cell constants a=b=c= 4.0857 Å, 

α=β=γ=90 o at z= 4 and space group Fm3m (225). 

 
3.5.5.2 FESEM & EDX 
 

Surface morphology Nanolotus (Microwave synthesize), Spherical (one plot 

synthesize) metallic composition and particle size 57.72 nm (Microwave synthesize) 

and 59.12 nm (one plot synthesize) of the nanocomposite was confirmed by the 

FESEM, FESEM elemental mapping and corresponding EDX analyses, as 
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represented by Figures 3.7a, 3.7b, 3.7c, 3.7d and 3.7e. No characteristic peaks for the 

elements other than Zn (27.08%), Ag (39.98%), Cl (13.79%) and O (19% actual 

concentration can’t be determined due to the presence of the oxygen in air) were 

found in the EDX profile of the Ag/AgCl@ZnO, as illustrated by the Figure 3.7a. 

 

 

 (d)   

(e)  
Figure 3.7. Nanolotus Ag/AgCl@ZnO (microwave) with corresponding (a) FESEM 
supported EDX showing elemental presence of Ag, Zn, O and Cl, (b) and (c) are 
FESEM images of nanocomposite, prepared by one pot synthesis and microwave 
route. FESEM Elemental mapping of Ag, Cl, Zn and O elements in Ag/AgCl@ZnO 
for corresponding (d) one pot (conventional) and (e) Microwave synthesized 
nanocomposite. 
  
3.5.5.3 UV-Vis Diffuse Reflectance Spectra 
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Figure. 3.8 (a) UV-Vis diffuse reflectance spectra of the pre heated sample along 
with conventional- and microwave- prepared Ag/AgCl@ZnO nanocomposites with 
first excitonic peak around 340.4 nm. (b) PLE spectra with maxima at 502 nm under 
the excitation light 250 nm of the sample prepared by one pot 
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reflux method and (c) photoluminescence emission spectra with maxima at 602 nm 
under the excitation light 300 nm, for the sample prepare 
through microwave. In inset CIE plot of the same sample exhibit the yellow emission.  
 
Figure 3.8a exhibited the UV-Vis spectra of the pre heated sample along with 
conventional- and microwave- prepared Ag/AgCl@ZnO nanocomposites with first 
excitonic peak around 284.4 nm and band gap around 338.186 for ZnO 417.14 
nm(conventional) 418.78 nm (microwave) 831.27 nm (almost same for conventional 
and microwave sample) for Ag@AgCl part of the composite.  
 

3.5.5.4 PL Spectrum 

Ag/AgCl@ZnO that exhibited the Photoluminescence emission (PLE) spectra 

of Ag/AgCl@ZnO are revealed by Figures 3.8(b) and 3.8(c), which were taken for the 

samples prepared by one pot reflux- and microwave assisted- methods. Figures 3.8(b) 

exhibited the excitation peak at the wavelength of 250 nm under the exposure of 

emission light of the wavelength 502 nm and green light emission spectra 

was found at 502 nm under the excitation light of wavelength 250 nm, 

respectively. Similarly, the strong PLE peak was observed for microwave assisted 

sample at 602 nm under the excitation light wavelength 300 nm, as shown by the 

Figure 3.8c. 

 

3.5.5.5 Determination of the presence of the OH* radical 
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Figure 3.9 PL spectral changes at (a) 428 nm and (b) 562.8 nm and 632.9 nm 
wavelength with visible-light irradiation time (0h,1h,2h,3h,4h,5h and 6h) for the 
Ag/AgCl@ZnO (microwave) nanocomposite powder dispersed in alkaline 
terephthalic acid solution for checking the OH ion concentration during photocatalytic 
water splitting reaction. 
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Figure 3.9a illustrated the PLE spectra of the conventionally prepared sample to check 
the presence of OH* radical in alkaline terephthalic acid under light. Rest of the PLE 
peaks positioned at 562.8 nm and 632.9 nm are associated with the Soret-band and Q-
bands, respectively as shown in Figure 3.9 b. 
 

3.5.5.6 FTIR 
Figures 3.10a, 3.10b and 3.10c, exhibits the FTIR profiles of the Ag/AgCl/@ZnO at 
various stages of synthesis i.e. pre-heated stage of the sample, final product one pot 
refluxing method and final product microwave assisted method, respectively. 
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Figure 3.10. FTIR profile of the Ag/ZnO@AgCl synthesized at various stages: (a) 
pre-heated stage of the sample, (b) final product one pot refluxing method and (c) 
final product microwave assisted method, respectively. 
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On careful observation of the FTIR profile of the samples prepared by 

microwave and one pot reflux method, it was found that both final products are 

having almost same environment with presence of the OH, Cl- group, Ag-Cl and Zn-

O bonding. The width of infrared bands for the samples, reflected the chemical 

environments which is related to the strength of intermolecular and intramolecular 

interactions such as hydrogen bonding and free OH group. The peak intensities are 

true representations of the values of µ/x for different vibrations.  

 

 

Table 3.1 IR Vibrational frequencies for few selected inorganic anionic groups of a 

complex. (Nyquist,1968) 

 
Anion Stretching vibration 

(cm-1) 
Bending vibration (cm-1) 

Water of hydration  3800-3200 1700-1 600 
Carbonate  1550-1 350 900-650 

Nitrate  1500-1 250 850-700 

Sulfate  1200-1 050 680-600 

Phosphate  1300-900 600-550 

Silicate  1200-800 800-400 

Formates, acetates, and 
oxalates 

1700-1 300 1050-700 

Cyanates, cyanides, and 
thiocyanates 

                2200-200 ------- 
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Table 3.2 FTIR peak positions of nanocomposite sample at various stages: (a) pre 

heated sample, (b) one pot refluxing method and (c) microwave assisted method, 

respectively  

SL. 
No. 

FTIR Peak 
of Pre 
heated 
sample 
(cm−1) 

FTIR Peak 
one pot reflux 
Product 
(cm−1) 

FTIR Peak 
Microwave-
assist Product 
(cm−1) 

Respective functional 
group 

1. - 3781.19 3781.13 Free OH 
2. - 3734.84 3734.75 Free OH 
3. - 3632.06 3633.34 Free OH 
4. 3494.08 3507.39 3506.27 Intra- or inter-molecular 

bonded –OH 
5. - 2925.91 2926.00 --- 
6. - 2857.85 2857.80 -CH2- stretch (s), C-H str. 

Methane, symmetric 
stretching CH2 

7. 2770.89 -  C-H str. , –C(=O)H,  
aldehyde 

8. 2435.45 2409.53 2409.51  
9. 2359.27 2363.73 2363.59 NH2

+, NH+ str. 
10. 2096.61 2053.87 2053.93  
11. - 1914.31 1914.33  
12. 1778.83 1722.20 1771.96 Primary amide , 

carboxylate C-O stretch, 
conjugated ketones H O-H 
bending HO-H 

13. 1624.10 1600.19 1600.17 C=O group M-Cl 
stretching 

14. - 1506.29 1506.18 C=N(plus C=C), δ-NH2 
str. Aromatic ring str., M-
Cl stretching  

15. 1396.19 1391.20 1390.56  
16. 1363.07   S=O str., ν-C–N, wagging 

vibrations of CH2 group 
17. 1141.59 --- --- C-O, C-N, C-C str. 
18. 1044.13 1044.08 1044.27 Alkane, C-O str. P-O str. 

M-Cl bending 
19. 905.72 907.91 908.38 C-H out of the plane bend 

M-Cl bending 
20. 831.74 833.59 833.47 C-O str. 
21. 721.66 721.41 722.36 N-H  bonded, secondary 

amide 
22. - 664.98 665.29 C-S str.   
23. 585.05 574.52 575.48 M- X out of plane bending 

P-O bending 
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3.5.5.7 Water Splitting 

Molecular devices of Ag/AgCl@ZnO NC (prepared via one pot conventional 

and microwave method), produced hydrogen in 20% methanolic water, under visible 

light exposure of 300 W Xe light. Amount of the released hydrogen, was significantly 

enhanced with increasing exposure time (i.e. 1, 2, 3, 4, 5, 6, 7 and 8 h) viz. 536.71 and 

556.8, 1404.41 and 1621.21, 2207.86 and 2325.37, 2835.26 and 3203.09, 3554.11 and 

4053.44, 4359.24 and 4987.66, 5221.07 and 5761.86, 6082.9 and 6782.32 mol H2 h-1 

g-1, corresponding to the conventional and microwave prepared nanocomposite 

samples under 300 W Xe light irradiation (Figure 3.11a), at RT. Figure 3.11b, Figure 

3.11c, Tables 3.2 and Table 3.3 represent the reproducibility experiments for the first 

time used, second time used- and third time used conventionally and microwave 

synthesized samples for the time ranging from 1h to 8h. It was found that the 

hydrogen production activity of the above samples decreased to almost 94%, 86% and 

74%, respectively. 
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(d)  
 
Figure 3.11 Photocatalytic hydrogen production by (a) pristine NC(Ag/AgCl@ZnO) 
prepared by the conventionally (red)- and microwave (black)- method.  
Reproducibility of pristine checked for the first time used, second time used- and third 
time- used (b) microwave (c) conventionally -synthesized samples, with respect to the 
time (1 h to 8 h) under 300 W Xe-light exposure. (d) The proposed representative 
electron transfer mechanism for nanocomposites. 
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Table 3.3 Hydrogen production form pristine, first time used, second time used- and 
third time- used conventionally synthesized samples. 
 
 
Time in 

hour 

H2 Production of 

Pure sample  

mol H2 h-1 g-1 

H2 Production of I 

time used sample mol 

H2 h-1 g-1 

H2 Production of II 

time used sample mol 

H2 h-1 g-1 

H2 Production of 

III time used 

sample mol H2 

h-1 g-1 

1 536.71 0000.00 0000.00 0000.00 

2 1404.41 0556.80 0536.71 0544.40 

3 2207.86 1621.21 1404.41 1250.50 

4 2835.26 2325.37 2207.86 1850.80 

5 3554.11 3203.09 2835.26 2597.06 

6 4359.24 4053.44 3554.11 3218.02 

7 5221.07 4987.66 4359.24 3844.89 

8 6082.90 5761.86 5221.07 4504.55 

 
 
 
Table 3.4 Hydrogen production form pristine, first time used, second time used- and 
third time- used microwave synthesized samples. 
 
 
Time / 

hour 

H2 Production 

Pure sample / 

mol H2 h-1 g-1 

H2 Production in I 

time used sample / 

mol H2 h-1 g-1 

H2 Production in II 

time used sample / 

mol H2 h-1 g-1 

H2 Production in 

III time used 

sample / mol H2 h-

1 g-1 

1 0556.80 0540.71 0450.00 0404.40 

2 1621.21 1480.41 1345.78 1250.50 

3 2325.37 2207.87 2086.50 1850.80 

4 3203.09 2935.26 2765.98 2497.06 

5 4053.44 3810.81 3542.11 3218.02 

6 4987.66 4626.13 4235.60 3844.89 

7 5761.86 5511.95 5223.34 4504.55 

8 6782.32 6441.08 5809.67 5196.90 
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3.6 Study of nanocomposite System Ag/AgCl(BaCl2)@ZnO 

3.6.1 Experimental: Materials and Synthesis Methods 

3.6.1.1 Materials 

All chemicals such as tetrahydrated zinc nitrate, barium chloride, sodium hydroxide, 

and silver nitrate, etc, were purchased from Sigma Aldrich and used without 

purification. 

3.6.1.2 Synthesis (Conventional Method) 

Under synthesis procedure 5.220 g tetrahydrated zinc nitrate and 2.110 g silver 

nitrate in 50 mL of DIW were added and the resulted mixture was stirred at room 

temperature for half an hour. Afterwards, it was followed by the addition of 5 M 

NaOH solution to adjust the pH of the solution 10 and above mixture was treated with 

1.450 g BaCl2 in 20 mL of water. Then, the suspension was refluxed at 90oC for 3h. 

Resulted product was centrifuged, washed several times with DIW and ethanol and 

dried in an oven at 60oC for 24 h. 

3.6.2 Characterisation 
3.6.2.1 Results 

3.6.2.1.1 XRD 
The phase purity of the Ag/AgCl(BaCl2)@ ZnO NC was studied using XRD 

profile, as shown in Figure1. Diffraction peaks of the studied samples are found at 

27.942 °(111), 32.34 °(200), 46.34 °(220), 54.94 °(311), 57.58 o(222), 67.54 °(400), 

74.76 °(331) and 76.82 o(420) attributed to the highly crystalline phases that 

corresponds to the face-centered cubic (chlorargyrite) phase (reference JCPDS card 

No.31-1238) of the AgCl with cell parameters: a=b=c= 5.548 and α=β=γ=90o at z=4 

and space group Fm3m (225),  FCC zinc blende crystalline phase (JCPDS card 

No.80-0020; ZnS) of ZnO, and reflection peaks 31.79(100), 34.45(002), 31.61°(111), 

34.26°(101), 36.10°(102), 47.37°(110), 56.40°(103), 62.68°(004) and 67.72° 

(112)correspond to the hexagonal structure of ZnO (JCPDS: 03-065-3411) with cell 

parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 and space group F4-3m (216).The 

careful examination of diffraction peaks exhibits small peaks at 38.56° (111), 46.34° 
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(200), 67.54° (220), 76.82° (311) position that belongs to the standard JCPDS card 

No.04-0783 of pure silver (cell constants a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 and 

space group Fm3m (225) that also confirmed the presence of the small silver particles 

and with minute traces of  hexagonal(space group P62m, 189) BaCl2 (PDF#45-1313) 

(Pfau et al., 2011)  at 23.09°, 24.27°, 29.39°, 32.35°, 38.82°, 44.90°, 46.47°, 56.48° 

and 62.87°, 2  angles. The particle size (53.67nm) was calculated by using the 

Scherer’s formula. 
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Figure 3.12 pattern of the nanocomposite Ag/AgCl(BaCl2)@ZnO NC shown as the 
combination of the XRD peaks equivalent to the bulk FCC chlorargyrite phase 
(JCPDS card No.31-1238) of the AgCl  with cell parameters: a=b=c= 5.548 and 
α=β=γ=90o at z=4 and space group Fm3m (225),  FCC zinc blende crystalline phase 
(JCPDS card No. 03-065-3411 of ZnO) of ZnO with cell parameters: a=b=c= 5.345 Å, 
α=β=γ=90o at z= 4 and space group F4-3m (216) and Ag content resemble to the 
standard JCPDS card No.04-0783 of pure silver(cell constants a=b=c= 4.0857 Å, 
α=β=γ=90 o at z= 4 and space group Fm3m (225) and with minute traces of  
hexagonal BaCl2 (PDF#45-1313) (Pfau et al., 2011) 
 

3.6.2.1.2 FESEM & EDX 

Surface morphology (2D-flax shape- particles), elemental composition and 

particle size (32.0 nm) of the nanocomposite was confirmed by the FESEM, EDX, 

FESEM elemental mapping. Nanocomposite crystallised in the form of flaxes that 

was confirmed from the corresponding FESEM analyses, illustrated by Figures 13a, 

13b, 13c, 13d,13e, 13f and 13g. 



Chapter-3 
 

100 
 

 (a) (b) (c) (d)  

(e) (f) (g)  

(h)  

Figure 3.13. NC Ag/AgCl(BaCl2)@ZnO with corresponding (a), (b), (c) and (d) are 
FESEM images of nanocomposite at different scale. Micrographs (e), (f) and (g) 
represents the FESEM elemental mapping of Ag, Cl, Zn and O elements in 
nanocomposite Ag/AgCl(BaCl2)@ZnO. Corresponding EDX represented by (h). 

No characteristic peaks for the elements other than Zn (25.76%), Ag 

(05.88%), Cl (08.40%), Ba (1.08%) and O (59.96%) actual concentration can’t be 

determined due to the presence of the oxygen in air) were found in the EDX profile 

(Figure 13h) of the Ag/AgCl(BaCl2)@ZnO. That shows nanocomposite is rich in Ag 

(K= 2.984 KeV), Zn (K= 8.63 KeV; L=1.012 KeV), O (K= 0.525 KeV) and Cl 

(K= 2.621 KeV) compounds along with the traces of BaCl2 was found around that 

exhibited by the K peak at 4.46 KeV position of abassica (binding energy) due to the 

element barium. 

mailto:)@ZnO.
mailto:)@ZnO.
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3.6.2.1.3 FTIR 

Figure 3.14 reveals the FTIR peak positions of nanocomposite sample 

Ag/AgCl(BaCl2)@ZnO prepared using one pot refluxing method at 3437.7(b), 

2919.2(vw), 1632.6(vw), 1447.40(s), 1384.14(vs), 1025.3(vw), 421.98 (w) cm-1 due 

to the presence of the intra- or inter-molecular bonded –OH groups. 

 

Figure 3.14 FTIR spectrum of the nanocomposite Ag/AgCl(BaCl2)@ ZnO. 

Where, the general range 3700 – 3440 cm−1 may be assigned to asymmetrical and 

symmetrical O-H stretching vibration modes of hydrated water and the peak at 1632 

cm−1 belonged to O-H bending vibration mode. 1447.40(s) and 1384.14(vs) cm−1 

peaks attributed to M-Cl band stretching vibration peak and 1025.3 (vw) reflected the 

bending vibration peak of M-Cl band and in comparison to pure BaCl2 FTIR, 

synthesised samples show lower side due to the bulky chemical environment of 

Ag/AgCl(BaCl2)@ZnO to 421.98 (w) cm-1 represents the Zn-O bending vibration of 

ZnO. 
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3.6.2.1.4 Water Splitting 

Table 3.5 and Figure 3.15 represents the hydrogen production activity of the 

nanocomposite Ag/AgCl(BaCl2)@ZnO with time in 20% methanol solution under 

visible light irradiation. Gradual increase in hydrogen production was observed with 

the time as illustrated by Figure 3.15. 

Table 3.5 Hydrogen generation of nanocomposite Ag/AgCl(BaCl2)@ZnO  with time 

duration.  

 
S. No. Time (min.) Time (h) H2 in mL No. of moles(n) 

1 13 0.21 1.5  
2 17 0.28 2.0  
3 22 0.36 2.5  
4 26 0.45 3.0  
5 30 0.50 3.5  
6 34 0.56 4.0  
7 37 0.61 4.5  
8 42 0.70 5.0  
9 47 0.78 5.5  
10 52 0.86 6.0  
11 60 1.00 6.5  
12 65 1.08 7.0  
13 73 1.21 7.7  
14 94 1.56 9.7  

 

 

Figure 3.15 Hydrogen generation of nanocomposite Ag/AgCl(BaCl2)@ZnO with 

time. 
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3.7 Study of nanocomposite System Ag/AgPO4 @ ZnO 
3.7.1 Experimental: Materials and Methods:  

3.7.1.1 Materials 
All chemicals such as tetrahydrated zinc nitrate, Ammonium phosphate, 

sodium hydroxide, and silver nitrate, etc, were purchased from Sigma Aldrich and 

used without purification. 

3.7.1.2 Synthesis (Conventional Method) 
5.220 g tetrahydrated zinc nitrate and 2.110 g silver nitrate in 50 ml DIW were 

stirred at room temperature, followed by the addition of 5 M NaOH solution to adjust 

the pH of the solution 10. Above solution was treated with 1.450 g (NH4)3PO4 in 20 

ml of water. Then, the suspension was refluxed at 90oC for 3h. Resulted product was 

centrifuged, washed several times with DIW and ethanol and dried in an oven at 60oC 

for 24h. 

3.7.2 Characterization 
3.7.2.1 Results 

3.7.2.1.1 XRD 

XRD profile (Figure 3.16) revealed that nanocomposite Ag/Ag3PO4@ZnO 

consist of three phases i.e.: 24.17,31.22 o 34.62 o, 56.30 o, 62.22 o correspond to the 

hexagonal structure FCC zinc blende crystalline phase (JCPDS card No.80-0020; 

ZnS) of ZnO with cell parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 and space 

group F4-3m (216). Peaks at 38.15 o, 43.82 o and 64.24 o belongs to pure Ag with cell 

constants a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 and space group Fm3m (225) and 

diffraction peaks 20.89 o, 29.21 o, 33.36 o, 36.64 o, 46.97 o, 55.31 o corresponding to the 

crystal plane of (110), (200), (210), (211), (220), (310), (222), and (320), (respectively 

belongs to the body-centered cubic (bcc) structure of Ag3PO4 with cell constant of a= 

6.013 Å (JCPDS no. 84-512). (P.S. Saud et al./Journal of Colloid and Interface 

Science 465 (2016) 225–232) Debye- Scherer’s equation used to determine the 

particle size of the nanocomposite Ag/Ag3PO4@ZnO i.e. 38.82nm. 



Chapter-3 
 

104 
 

20 30 40 50 60
0.0

500.0

1.0k

*

*

*

-ZnO
-Ag

* *

* * * *

*

-Ag3PO4

Ag/Ag3PO4@ZnO

In
te
ns

ity
/a
u

2 Theta/ 0

 

Figure 3.16 X Ray Diffraction profile of the nanocomposite Ag/Ag3PO4@ZnO, 
synthesized by one pot method. 

3.7.2.1.2 FESEM & EDX 

Figures 3.17a, 3.17b, 3.17c and 3.17d, are FESEM images of 

Ag/Ag3PO4@ZnO that showing the surface morphology (rice grain shape particles 

and particle size (length= 4.07nm width =0.91nm) of the nanocomposite. FESEM 

elemental mapping and corresponding EDX analyses, as represented by Figures 

3.17(e)-3.17(g) and Figure 3.17(h), respectively. No characteristic peaks for the 

elements other than Zn (17.13%) K and L- edge at 8.6 KeV and 1.012 KeV 

respectively, Ag (06.79%) L at 2.8396 KeV, P (09.93%) K at 2.013 KeV and O 

(66.16%) K at 0.525 KeV position of binding energy, were found.  The actual 

concentration of oxygen can’t be determined due to the presence of the oxygen in air, 

which was found in the EDX profile of the Ag/AgPO4 @ZnO, as illustrated by the 

Figure 3.17(h). 

 (a) (b) (c) (d)  
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(e)  (f)  (g)  

(h)  

Figure 3.17 Ag/Ag3PO4@ZnO with corresponding (a), (b), (c) and (d) are FESEM 
images of nanocomposite, prepared by one pot synthesis and microwave route. (e), (f) 
and (g) belongs to the FESEM elemental mapping of Ag, P, Zn and O elements in 
Ag/Ag3PO4@ ZnO. (h) FESEM supported EDX showing elemental composition of 
Ag, Zn, O and P. 

3.7.2.1.3 FTIR 

FTIR peak positions of nanocomposite sample Ag/Ag3PO4@ ZnO (made by 

using one pot refluxing method), are exhibited by Figure 3.18, which reveals the 

vibrations at 3439.46 cm-1   (Intra- or inter-molecular bonded OH stretching), 1633.97 

cm-1  (-OH bending), 1384.31 cm-1  (P-O stretching), 1019.77 cm-1  ( P-O bending) 

and 588.25 cm-1  (out of plane bending P-O bending and Zn-O).  

 

Figure 3.18 FTIR spectrum of nanocomposite Ag/Ag3PO4@ ZnO, prepared by 
conventional one pot method. 
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 Table 3.6 and Figure 3.19 represents the hydrogen production activity of the 
nanocomposite Ag/Ag3PO4)@ZnO with time in 20% methanol solution under visible 
light irradiation. Gradual increase in hydrogen production was observed with the time 
as illustrated by Figure 3.19. 

3.7.2.1.4 Water Splitting 

Table 3.6 Various time and their corresponding hydrogen generation for 
Ag/Ag3PO4@ ZnO. 

S. No. Time (min.) Time (h) H2 in mL No. of moles(n) 

1 20 0.33 1.5 
 

2 30 0.50 2.0 
 

3 45 0.75 2.5 
 

4 62 1.03 3.0 
 

5 75 1.25 3.5 
 

6 84 1.40 4.0 
 

7 94 1.56 4.5 
 

8 122 2.03 5.2 
 

9 183 3.05 7.3 
 

 

 

Figure 3.19 Hydrogen generation of nanocomposite Ag/Ag3PO4@ZnO with time. 
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3.8 Study of nanocomposite System Ag/AgNO3@ ZnO  
3.8.1 Experimental: Materials and Methods 

3.8.1.1Materials 
Tetrahydrated zinc nitrate, sodium nitrate, sodium hydroxide, and silver 

nitrate, etc, were purchased from Sigma Aldrich and used as such. 

3.8.1.2 Synthesis (Conventional Method)  
5.220 g Tetrahydrated zinc nitrate and 2.110 g silver nitrate were dissolved in 

50 mL DIW under constant stirring at room temperature, which was followed by the 

addition of 5 M NaOH solution to adjust the pH of the solution to 10. Above solution 

was treated with 1.450 g NaNO3 dissolved in 20 mL of water. Then, the suspension 

was refluxed at 90oC for 3h. Resulted product was centrifuged, washed several times 

with the 1:1 mixture of DIW and ethanol and dried in an oven at 60oC for 24 h. 

3.8.2 Characterization 
3.8.2.1 Results 

3.8.2.1.1 XRD 

The phase purity of the Ag/AgNO3(NaNO3)/ ZnO NC was studied using XRD 
profile, as shown in Figure3.20. Diffraction peaks of the studied samples are found at 
20.58 o, 31.76 o, 34.51 o, 38.22 o, 65.70 o AgNO3, 38.22 o, 47.65 o, 68.05 o Ag with cell 
constants a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 and space group Fm3m (225) and 
ZnO 32.92 o 34.51 o, 36.27 o, 47.64 o, 56.68 o, 62.76 o,68.05 o corresponding to the 
hexagonal structure of ZnO of FCC zinc blende crystalline phase (JCPDS card No.80-
0020; ZnS) with cell parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 with space 
group F4-3m (216). The particle size of the NC (32.01nm) was calculated by using 
the Scherer’s formula. 
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Figure 3.20 Diffraction patterns of the nanocomposite Ag/AgNO3@ ZnO, 
synthesized by one pot method show three phases i.e. cubic Ag with cell constants 
a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 with space group Fm3m (225), FCC zinc 
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blende crystalline phase (JCPDS card No.80-0020; ZnS) of ZnO with cell parameters: 
a=b=c= 5.345 Å, α=β=γ=90o at z= 4 with space group F4-3m (216) and Orthorhombic 
AgNO3 (JCPDS 01- 0856). Pbca [61] with cell parameters, a=7.086 Å, b=7.447 
Å,c=10.300 Å and volume= 543.545 Å. 

3.8.2.1.2 FESEM & EDX 
Surface morphology (agglomeration of needle shape particles), metallic 

composition and particle size (34.88 nm) of the nanocomposite Ag/AgNO3@ ZnO 
was confirmed by the FESEM images by the Figures 3.21(a), 3.21(b), 3.21(c) and 
3.21(d) at different scales. FESEM elemental mapping as represented by the Figures 
3.21(e), 3.21(f) and 3.21(g). 

(a) (b) (c) (d)   

 (e) (f)  (g)  

Figure 3.21 Nanocomposites Ag/AgNO3@ ZnO exhibited the FESEM images of 
nanocomposite, prepared by one pot synthesis in (a), (b), (c) and (d).  (e), (f) and (g) 
represent the corresponding FESEM elemental mapping of Ag, N, Zn and O elements 
in nanocomposite Ag/AgNO3@ZnO.  

And their corresponding EDX analyses are shown in Figure 3.20, where no 

characteristic peaks for the elements other than Zn (39.46%)  K and L -edge at 8.6 

KeV and 1.012 KeV respectively, Ag (13.40%) L -edge at 2.8396 KeV, N (2.82%) 

K-edge at 0.392 KeV and O (59.49%) K -edge at 0.525 KeV position of binding 

energy. That confirmed the formation of the nanocomposite Ag/AgNO3@ ZnO. 

mailto:@ZnO.
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Figure 3.22 FESEM supported EDX profile of Ag/AgNO3@ZnO. 

3.8.2.1.3 FTIR 

FTIR profile of the nanocomposite Ag/AgNO3@ ZnO was exhibited in Figure 3.23                                                                                                 

with vibration peaks at 3428.26 (OH-str.), 1648.6(-OH bending),1384.83(NO3 

stretching) 881.47(NO3 bending), 549.83, 433.96(ZnO) cm-1  

 

Figure 3.23 FTIR spectrum of the nanocomposite sample Ag/AgNO3@ ZnO prepared 
by one pot refluxing method 

 

3.8.2.1.4 Water Splitting 

Table 3.7 and Figure 3.24 represents the hydrogen production activity of the 

nanocomposite Ag/AgNO3)@ZnO with time in 20% methanol solution under visible 

light irradiation. Gradual increase in hydrogen production was observed with the time 

as illustrated by Figure 3.24. 

 

mailto:@ZnO.
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Table 3.7 Hydrogen generation for Ag/AgNO3@ ZnO with time. 

S. No. Time 
(min.) 

Time (h) H2 in mL No. of moles(n) of H2 produced 

1 19 0.31 1.5 
 

2 25 0.41 2.0 
 

3 29 0.48 2.5 
 

4 35 0.58 3.0 
 

5 39 0.65 3.5 
 

6 43 0.71 4.0 
 

7 50 0.83 4.5 
 

8 60 1.00 5.0 
 

9 68 1.13 5.5 
 

10 79 1.31 6.0 
 

11 85 1.41 6.5 
 

12 120 2.00 8.2 
 

13 137 2.25 9.0 
 

14 155 2.58 10.2 
 

 

 

 

Figure 3.24 Hydrogen generation of nanocomposite Ag/AgNO3@ZnO with time. 
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3.9 Study of nanocomposite System Ag/Ag2CO3@ZnO 
3.9.1 Experimental:  Materials and Methods 

3.9.1.1 Materials  
Tetrahydrated zinc nitrate, sodium carbonate, sodium hydroxide, and silver 

nitrate, etc. of Sigma Aldrich were used as purchased from without further 

purification. 

3.9.1.2 Synthesis (Conventional Method) 
 5.220 g Zn(NO3)2.4H2O and 2.110 g AgNO3 were mixed well in 50 mL of 

deionized water (DIW) were stirred at room temperature and followed by the addition 

of 5M NaOH solution to fix the pH at 10. Above solution was treated with 1.450 g 

Na2CO3 in 20 ml of DIW. Then, the suspension was refluxed at 90oC for 3h. Resulted 

product was centrifuged and washed with DIW and ethanol in 1:1 Ratio and 

afterwards it was dried in an oven at 60oC for 24 h. 

3.9.2 Characterisation 
3.9.2.1 Results 

3.9.2.1.1 XRD  
Diffraction patterns of the nanocomposite Ag/Ag2CO3@ ZnO, was 

synthesized by one pot method, shown by Figure 3.25. The phase purity of the 

Ag/Ag2CO3@ ZnO NC was studied using XRD profile, as shown in Figure3.25. 

Diffraction peaks of the studied samples are found at 2= 20.62 o, 29.03 o, 33.74 o, 

34.48 o, 38.32 o, 39.56 o, 41.78 o, 47.60 o, 51.42 o, 55.15 o and 56.63 o for Ag2CO3.These 

diffraction peaks could be indexed to the crystallite planes of (110), (101), (130), 

(200) and (031) of monoclinic Ag2CO3 of phase PDF 26-0339.   38.32 o and 47.66 o 

belongs to pure Ag metal with cell constants a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 

and space group Fm3m (225) and ZnO 31.76 o,34.48 o, 36.34 o, 47.66 o and 56.63 o 

correspond to the hexagonal structure of ZnO of FCC zinc blende crystalline phase 

(JCPDS card No.80-0020; ZnS) with cell parameters: a=b=c= 5.345 Å, α=β=γ=90o at 

z= 4 and space group F4-3m (216) an. The particle size of the NC (29.26nm) was 

calculated by using the Scherer’s formula. 
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Figure 3.25 XRD patterns of the nanocomposite Ag/Ag2CO3@ZnO, synthesized by 
one pot method. FCC zinc blende crystalline phase (JCPDS card No.80-0020; ZnS) of 
ZnO with cell parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 and space group F4-
3m (216) and Ag2CO3 with monoclinic phase PDF# 26-0339. 

3.9.2.1.2 FESEM and EDX 

FESEM images shown in Figures 3.26(a), 3.26 (b), 3.26 (c) and 3.26 (d) represent the 

surface morphology (flax of thickness 38.0 nm), and particle size (38.0 nm) of the 

nanocomposite. FESEM elemental mapping images are represented by Figures 3.23e, 

3.23f, and 3.23g. 

 (a) (b) (c) (d)  

(e) (f)  (g)  

Figure 3.26 Nanocomposite Ag/Ag2CO3@ZnO.corresponds to their FESEM images 
in (a), (b), (c) and (d), prepared by one pot synthesis route. Images in (e), (f), and (g) 
showed the FESEM elemental mapping of Ag, C, Zn and O elements present in 
Ag/Ag2CO3@ZnO. 

mailto:@ZnO.corresponds
mailto:@ZnO.
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And their corresponding EDX analyses are shown in Figure 3.24, where no 

characteristic peaks for the elements other than Zn (27.03%)  K and L -edge at 8.6 

KeV and 1.012 KeV respectively, Ag (14.63%) L -edge at 2.8396 KeV, C(15.89%) 

K-edge at 0.277 KeV and O (42.45%) K -edge at 0.525 KeV position of binding 

energy. That confirmed the formation of the nanocomposite Ag/Ag2CO3@ZnO.  

 

Figure 3.27 FESEM supported EDX showing elemental presence of Ag, Zn, O and C 
of Ag/Ag2CO3@ZnO. 

 

3.9.2.1.3 FTIR 

Vibrational peak positions of nanocomposite Ag/Ag2CO3@ZnO.sample one pot 

refluxing method at 3398.31 (OH- Str. band), 1657.98 (OH-bending), 

1384.79(carbonate str.), 856.12(CO3
- bending), 543.74 (ZnO) cm-1, are illustrated by 

the Figure 3.28 

 

Figure 3.28 FTIR vibration spectrum recorded for Ag/Ag2CO3@ZnO. 

mailto:@ZnO.
mailto:@ZnO.
mailto:@ZnO.sample
mailto:@ZnO.


Chapter-3 
 

114 
 

3.9.2.1.4 Water Splitting 

Table 3.8 and Figure 3.29 represents the hydrogen production activity of the 

nanocomposite Ag/Ag2CO3@ZnO with time in 20% methanol solution under visible 

light irradiation. Gradual increase in hydrogen production was observed with the time 

as illustrated by Figure 3.29. 
Table 3.8 Hydrogen generation for Ag/Ag2CO3@ZnO with time. 
 
S. No. Time (min.) Time (h) H2 in mL No. of mmoles (n) of H2 

produced with time 
1 05 0.08 1.5 

 

2 07 0.11 2,0 
 

3 12 0.20 2.5 
 

4 18 0.30 3.1 
 

5 24 0.40 3.5 
 

6 28 0.46 4.0 
 

7 32 0.53 4.5 
 

8 37 0.61 5.0 
 

9 42 0.70 5.5 
 

10 52 0.86 6.0 
 

11 72 1.20 7.0 
 

12 102 1.70 9.0 
 

13 126 2.10 11.0 
 

 

 

Figure 3.29 Hydrogen generation of nanocomposite Ag/Ag2CO3@ZnO with time. 
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3.10 Study of nanocomposite System Ag/Ag2SO3@ZnO 
system 
3.10.1 Experimental: Methods and Materials 

3.10.1.1 Materials 

All chemicals such as tetrahydrated zinc nitrate, sodium sulphite, sodium 

hydroxide, and silver nitrate, etc, were purchased from Sigma Aldrich and used 

without further purification. 

3.10.1.2 Synthesis (Conventional Method)  

5.220 g tetrahydrated zinc nitrate and 2.110 g silver nitrate were mixed with 

50 mL DIW in 250mL round bottom flask and stirred at room temperature, followed 

by the addition of 5 M NaOH solution to adjust the pH of the solution 10. Above 

solution was treated with 1.450 g Na2SO3 in 20 mL of water. Then, the suspension 

was refluxed at 90oC for 3h. Resulted product was centrifuged, washed several times 

with DIW and ethanol and dried in an oven at 60oC for 24 h. 

3.10.2 Characterisation: 

3.10.2.1 Result 

3.10.2.1.1 XRD 

The phase purity of the Ag/Ag2SO3@ZnO NC was studied using XRD profile, 

as shown in Figure 3.30. Diffraction peaks of the studied samples are found at 

2=24.48 o, 27.12 o, 31.88 o, 38.15 o, 41.16 o,  44.30 o, 47.56 o, 49.93 o, 62.85 o Ag2SO3 

matches with the standard JCPDS file no. of 23-0644, Ag Peaks at 2= 38.15 o, 43.82 o and 

64.24 o belongs to pure Ag with cell constants a=b=c= 4.0857 Å, α=β=γ=90 o at z= 4 

and space group Fm3m (225) and reflections at 2=31.88o, 34.39o, 36.27 o, 47.56 o, 

56.58 o, 62.85 o, 66.49 o correspond to the hexagonal structure of ZnO with cell 

parameters: a=b=c= 5.345 Å, α=β=γ=90o at z= 4 and space group F4-3m (216). The 

particle size of the NC (45.14 nm) was calculated by using the Scherer’s formula. 
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Figure 3.30 Diffraction patterns of the nanocomposite Ag/Ag2SO3@ZnO, 
synthesized by one pot method. 

3.10.2.1.2 FESEM and EDX 

Surface morphology (rod/needle shape) and particle size (1length=1.13 nm 
width=0.17 nm) of the nanocomposite Ag/Ag2SO3@ZnO was confirmed by the 
FESEM images shown in Figures 3.31(a), 3.31(b), 3.31(c) and 3.31(d). 

 

(a) (b) (c) (d)   

 (e)  (f)  (g)  

Figure 3.31 Nanocomposite Ag/Ag2SO3@ZnO prepared by one pot synthesis, 
showing the FESEM images (a), (b), (c) and (d) at different scale. (e), (f and (g) are 
the FESEM elemental mapping of nanocomposite Ag/Ag2SO3@ZnO with respect to 
the elements Ag, Zn, O and S. 

FESEM elemental mapping analyses, as represented by Figures 3.31e-3.31g. 

No characteristic elemental peaks for the elements other than Zn (25.98%) K and L 

-edge at 8.6 KeV and 1.012 KeV respectively, Ag (16.09%) L -edge at 2.8396 KeV, 

S(1.17%) K-edge at 2.307 KeV and O (56.17%; actual concentration can’t be 
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determined due to the presence of the oxygen in air) K -edge at 0.525 KeV position 

of binding energy. That confirmed the formation of the nanocomposite Ag/Ag2SO3@ 

ZnO, were found in the EDX profile of the Ag/Ag2SO3@ZnO, as illustrated by the 

Figure 3.32. 

 

Figure 3.32 FESEM supported EDX showing elemental presence of Ag, Zn, O and S 
for the nanocomposite Ag/Ag2SO3@ZnO. 

 

3.10.2.1.3 FTIR 

FTIR vibrational peaks are observed at the frequency 3441.81(Intra- or inter-

molecular stretching bonded OH), 2931.2, (bending OH band) 1620.6 (C=O 

stretching band),1392.9(SO3 str. band), 1107.7(SO3 bending band) and 515.10 (Zn—

O bending) cm-1 for the nanocomposite Ag/Ag2SO3@ZnO, as shown by the Figure 

3.33. 

 

Figure 3.33 FTIR peak positions of nanocomposite sample Ag/Ag2SO3@ZnO, 
prepared using one pot refluxing method 

mailto:@ZnO.
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 3.10.2.1.4 Water Splitting 

Table 3.9 and Figure 3.34 represents the hydrogen production activity of the 

nanocomposite Ag/AgNO3@ZnO with time in 20% methanol solution under visible 

light irradiation. Gradual increase in hydrogen production was observed with the time 

as illustrated by Figure 3.34. 

Table 3.9 Hydrogen generation of nanocomposite sample Ag/Ag2SO3@ZnO at 
different time intervals. 

S. No. Time (min.) Time (h) H2 in mL No. of moles(n) 
1 15 0.25 1.5 

 

2 20 0.33 2.0 
 

3 30 0.5 2.5 
 

4 33 0.55 3 
 

5 38 0.63 3.5 
 

6 42 0.70 4 
 

7 50 0.83 4.5 
 

8 54 0.90 5 
 

9 59 0.98 5.5 
 

10 63 1.05 6 
 

11 68 1.13 6.5 
 

12 78 1.30 7 
 

13 87 1.45 8 
 

 

 

Figure 3.34 Hydrogen generation of nanocomposite Ag/AgNO3@ZnO with time. 
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3.11 Result and Discussion 

World, eventually witnessing the eco-degradation and political hostility on 

energy lines, which is a matter of prime global concern. Therefore, we all are looking 

forward to the clean energy sources that can replace the present conventional energy 

sources, as a fuel or energy carrier. Hydrogen rated as the best option on its merits i.e. 

high energy density (142 KJ/Kg), high heating value (52,000 Btu/lb), high auto 

ignition temperature (585 oC), high fuel efficiency (75%) and widest range of 

flammability (4-75%), etc. In contrast to the current hydrogen generation practices 

(steam reforming of methane), the use of solar energy and carbon-less fuel i.e. water 

along with a suitable photocatalyst, is an eco-benign way. A wide variety of 

photocatalytic materials are tested for hydrogen generation via water spitting. 

Unfortunately, most of them failed on the criteria of stability (in water and light), cost 

and efficiency (>10%). Recently, silver halides based plasmonic nanoparticles (NPs) 

have been attracted the attention as a superb class of nanocomposites (NCs) that used 

for visible-light-harvesting device (Xu et al., 2011; Wang et al., 2011; Li et al., 2013; 

Adhikari et al., 2013; Guo et al., 2013) Although, due to instability under sunlight 

(Hamilton JF 1974), silver halides AgX were seldom used as photocatalysts. 

However, Kakuta et al. studied the Ag0 supported AgBr dispersed on a silica support 

that used for continuous H2 production (1.00 mmol h-1 g-1 after 2 h) from 20% 

CH3OH (as hole scavenger) in H2O solution (Kakuta et al. 1999). They had observed 

that Ag NPs deposited on AgBr, which supported by silica, was not destroyed under 

successive UV/Vis illumination till 200 h (total 445 mmol per g of AgBr), thus 

assembly Ag/AgBr, was able to act as a stable photocatalyst under visible light, and 

eventually used to the synthesized the first visible-light plasmonic photocatalyst 

Ag@AgCl (i.e. Ag–AgCl). Moreover, SchKrch etal. proved that AgCl deposited on a 

conducting support (Au coated FTO) was used to photocatalyse the water for O2 

production (160 nmol.h-1) in the presence of silver ions (as electron scavenger), under 

UV/Vis light exposure (Schürch et al., 2002) Similarly, 3D- hierarchical 

superstructures, concave cubes, and cubes of AgCl, were used as photocatalyst for O2 

generation via water splitting with their activity are 254 mmolg_1 for hierarchical 

superstructures, 187 mmolg_1 of concave cubic AgCl and 136 mmolg_1 of cubic AgCl 

in 5 h (Lou et al., 2012). The photoactivity of AgCl in presence of Ag+ ions, extended 

from the UV to the visible light region under the process known as self-sensitization, 
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which is due to the formation of silver species during the photoreaction, as follows 

(Equations 1-7):  

 

 

             ...(1)  

                                   ...(2) 

                                           ...(3) 

                                                                                                       ...(4) 

                                                                     ...(5) 

                                                                         ...(6) 

                                                                  ...(7) 

 

Equations 1 to 7, had been analyzed experimentally and theoretically (Pfanner et al., 

1996; Glaus and Calzaferri,1999)   

The comparison of experimental and calculated values for the ionization energy for 

different sized Ag clusters shows that Ag levels are located below the conduction 

band edge of AgCl. Additional AgCl surface states (SURS), as well as metal induced 

gap states (MIGS) from Ag/ AgCl cluster composites are also present in the band gap 

region of silver chloride that induced the self-sensitization in AgCl. Therefore, 

Ag/AgX on support can be used as good photocatalytic system (Calzaferri et al., 

2001; Glaus et al., 2002; Sumi et al., 1980; Yu, 2009) 
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Table 3.10 Some state of art plasmonic catalyst for hydrogen generation. 

 
SL. 

No. 

Plasmonic 

Material 

/supported 

photocatalyst  

Light 

source 

Conditions 

for H2 

generation 

Amount of 

H2 

generation μ 

mol H2 h-1 g-1 

Amount of 

O2 

generation μ 

mol O2 h-1 g-1 

year Reference  

1 Ag0 supported 

-AgBr 

dispersed on 

silicadioxide 

support 

100W 

high-

pressure 

Hg lamp- 

with IR 

filter 

20% 

CH3OH 

(hole 

scavenger) 

in H2O  

1000 after 2 h - 1999 Kakuta et 

al. 

2 Ag@AgCl  

deposited on 

Au coated 

FTO 

UV-Vis 

light 

exposure 

In presence 

of Ag+ ions 

- 0.160 mol.h-1 2002 Schürch  et 

al. 

3. 3D 

hierarchical 

superstructures 

, concave 

cubes , and 

cubes of AgCl  

300 W Xe 

arc lamp 

In presence 

of Ag+ ions 

---- 254000, 

187000 and 

136 000 in 5h 

2012 Lou et al.  

4. Au/ZnAlCeLD

H and 

Au/ZnAlLDH 

Solar 

light 

exposure 

20% 

methanol 

127 and 94  - 2013 Carja et al. 

5. Ag/ZnONRs 

and ZnONRs 

Xe light 

source  

20% 

methanol 

8.7 and 4.3  - 2013 Chen et al. 

6 Ag/AgCl/ZnO Xe light 

source 

20% 

methanol 

1706.9   2017 This work 

 
 Some of the notable nanocomposite plasmonic materials are Ag@AgBr 

(Longhui et al., 2012), Au/TiO2 (Tian and Tatsuma, 2005), gold/layered double 

hydroxides (Carja et al., 2013), Ag/AgCl@ZnO (Pirhashemi and Habibi-

Yangjeh,2014), Ag embedded TiO2 (Awazu et al., 2008), Au/ZnO ( Chen et al., 

2012), graphene oxide (GO) enwrapped Ag/AgX (X = Cl, Br) (Zhu et al., 2011), 

Ag/AgBr@TiO2 ( Zhang et al., 2011), Ag/AgCl@H2WO4·3H2O (Wang et al., 2011), 

and AgBr/WO3 (Cao et al., 2011), Ag/ZnO nanorods (NRs) (Chen et al., 2013), as 

plasmonic nanocomposites with support. Most of the above molecular devices used to 
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degraded dye/organic pollutants (methylene blue, methyl orange, VOCs, 

ethanol/methanol) but only few of the composite plasmonics, were used to produce 

hydrogen such as gold/layered double hydroxides (127 μmolh-1 for Au/ZnAlCeLDH 

and 94 μmol for Au/ZnAlLDH), Ag/ZnONRs (8.7 μmol h -1 of H2 by ZnO/Ag and 4.3 

μmol h -1 of H2 by ZnO) (Carja et al., 2010) In this direction, several advance methods 

such as ultrasonic assisted deposition-precipitation method (Shi et al., 2013), ployol 

process (Christopher et al., 2011), single pot refluxing (Pirhashemi and Habibi-

Yangjeh, 2014), ionic liquids-assisted hydrothermal method (Im et al., 2005), 

reconstruction process (Carja et al., 2010), a facile reverse micelle method (Lou et al., 

2011), etc, has been used to prepare NCs. Microwave (MW) assisted synthesis is one 

of the eco-friendly method for molecular assemblies’ fabrication, where MW-heating 

provided faster and uniform heating profile than the conventional thermal heating. 

Therefore, MW assisted-synthesis leads not only homogenous nucleation but also 

accelerate the reaction rate, improve yield, shorten the reaction time, produce small 

sized particle of high purity with narrow particle size distribution, and improve 

physicochemical properties (Perreux and Loupy, 2001). Some notable materials are 

SnO2 (Singh and Nakate, 2013), ZnO (Barreto et al., 2013), Ag (Yamamoto et al., 

2004) Pt (Komarneni et al., 2002),  CuS (Tadjarodi and Khaledi, 2010), etc, which 

were fabricated using MW assisted synthesis. but record was not found for MW 

assisted synthesis of the Ag/AgCl@ZnO NC. Therefore, we employed the microwave 

assisted synthesis first time for NCs preparation that consist of plasmonic silver NPs 

embedded in ZnO and AgCl matrix, which was used for water splitting to generate 

hydrogen. Conventionally, Ag/AgCl@ZnO NC (Pirhashemi and Habibi-Yangjeh, 

2014), was synthesized by one pot refluxing method in water. Under sunlight 

exposure, ZnO and AgCl generates photo electrons and holes and AgCl (with 

expanded CB energy levels) plays a role of polar carrier for electron-transport to 

plasmonic material (Ag NPs) from ZnO and whole assembly become capable to 

harvest visible light, as it schematically illustrated by the Scheme 1a and Energy 

diagram 1b. Therefore, we can say the nanocomposite Ag/AgCl@ZnO, has the better 

compatibility for visible light harvesting by suppressing the recombination rate of 

photo carriers. That will be ultimately enhanced the hydrogen generation efficiency of 

the device. In addition to above, the advanced technical approaches were used to 

address the characterization of the device.  
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(a)  (b)  
 
 
Figure 3.35 (a) Schematic representation of the overall water splitting phenomenon 

using Ag NPs embedded AgCl-ZnO NCs and (b) comparative energy level diagram of 

nanocomposite device Ag/AgCl@ZnO with their respective band positions 

(Calzaferri et al., 2001; Glaus et al., 2002; Sumi et al., 1980). 

 

The XRD study confirms the formation of Ag/AgX@ZnO (X= Cl, CO3
-2, PO4

-

3 NO3
-, SO3

2-) nanocomposite with multiple phases. The particle size of these 

nanocomposites prepared by one pot conventional and microwave synthesis was 

determined using Scherrer formula given by Equation 8 (Scherrer,1918) along with 

their corresponding lattice strain.  

                                                                                   ...(8) 

Where, B= FWHM (2),  = Wavelength (nm),  L =Average crystallite size ( to 
surface of specimen; unit nm), k = 0.94 [k  (0.89, 1.39)] ~ 1 (the accuracy of the 
method is only 10%)  

Dislocations with in crystal structure could either be caused a crystallographic 

defects or irregularity in lattice arrangement. These topological defects can be highly 

influenced by the material’s native properties. The X-ray diffraction profiles can also 

be used in determination of the dislocation density (δ) for the samples using following 

expression given in Equation 9 (Venkata Subbaiah et al., 2006).  

                                                                        ...(9) 

 
Where, dislocation density (=3.8019x1013m-2 (one pot) and 3.9100x1013m-2 

(microwave) is calculated from broadening of diffraction peak i.e. Full width at its 
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half of maximum intensity  (in radian),  Bragg’s diffraction angle θ (in degree), 

lattice constant a (in nm) and particle size D (in nm). Higher delocalization density of 

the microwave synthesized sample in comparison to the sample made by one pot 

synthesis method, is associated with higher number of active sites on the molecular 

surface due to lotus shape of the particle. The very minute presence of Zn in Ag 

lattice is also confirmed from blue shift that observed for Ag XRD peaks due to 

addition of low weighted element Zn. 

FESEM images, FESEM elemental mapping and EDX profile corresponding 

to the FESEM images of NCs, used to exhibit the morphology and elemental 

composition of NCs as 20.65/19.00% ZnO, 12.98/13.79% AgCl, 4.73/8.08% Zn and 

28.01/26.19% Ag in the NC (one pot/microwave). Above results also predicted that 

the six petaled-lotus like structures of Ag loaded (nanoparticle of size 30-40 nm)- 

AgCl (size ≈50-100 nm) was developed on the ZnO rich- surface by microwave 

samples. Where one pot method used to develop the different shape and sized particle 

as per anion used for synthesis. Figure 2d reveals that Ag/Zn and AgCl were 

dispersed on ZnO surface. It was also confirmed by elemental mapping that 

conventionally prepared samples had more homogeneously dispersed elements than 

the microwave prepared samples, as represented by the Figures 2d and 2e. 

High intense UV-Vis absorption band around 300.4 nm is appeared due to π 

 π* electron transition (the charge transfer of excitons from the VB to CB) the host 

material. n π* Transition is responsible for the broad and small peak at 352.0 nm 

because the electrons in the n-orbitals are positioned perpendicular to the plane of π 

bond and hence along the plane of π* orbital. According to symmetry selection rules, 

the possibility of the jump of an electron from n  π* orbital is very stumpy (~ zero). 

But, vibrations of atoms result in a partial overlap between these perpendicular planes 

and so n  π* transition does occurred at limited extent. Second broad and small 

peak around 352.0 nm, is attributed to the d-d transition, which were deposited on 

AgCl/ZnO surface (Suhai 1986). Surface plasmonic effect of the Ag/Zn NPs can be 

clearly seen for the pre heated-, conventional- and microwave- prepared 

Ag/AgCl@ZnO samples that boasted to a weak visible light response with an 

absorption band edge tangent touching to base line at about 404.6 nm (Eg=3.056 eV), 

437.2 nm (Eg= 2.831 eV), and 426.8 nm (Eg= 2.901 eV), respectively. On vigilant 

observation, a broad and very weak plateau observed between 407.9 nm to 700 nm, 
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attributed to the d-d orbital interactions of Ag/Zn nanoparticles. The ability of visible 

light absorption for final nanocomposites was drastically enhanced due to the surface 

plasmonic resonance (SPR) effect of Ag/Zn NPs that associated with the AgCl 

surface. This combination (nanoparticles with AgCl) prompts the selfsensitization of 

AgCl, result in additional CB levels. Ag levels are located below the conduction band 

edge of AgCl, can develop additional AgCl surface states (SURS), as well as metal 

induced gap states (MIGS) from Ag@AgCl cluster composites that to present in the 

band gap region of silver chloride and their presence induce the self-sensitization 

phenomenon in AgCl (scheme 1b).  This arrangement of additional CB layers requires 

less energy for electron transfer from VB to CB than pristine AgCl. Moreover, this 

electronic transformation was induced by visible light whether the individual 

transition in AgCl or ZnO, was exposed to light. Therefore, the presence of NPs on 

AgCl/ZnO extends the good photoactivity from the UV to the visible light region, via 

self sensitization of AgCl. The whole system sustains the good photocatalytic activity 

in AgCl, which used to decompose in light exposure.  Close examination of the 

spectra told us microwave synthesized samples are more active than conventionally 

prepared sample. 

High dislocation density, calculated by XRD profile of the sample is 

responsible for another important phenomena, occurs in nanocomposites i.e. 

photoluminescence. Excitation and emission (PLE) spectra of sample produced by 

one pot reflux- and microwave methods, corresponded to the Figures 3b and 3c. Inset 

of Figure 3c, exhibit the CIE plot of the Ag/AgCl@ZnO that confirms that the 

material emits yellow light. The change in preparation method result in shifting of 

PLE peak from 502 to 602 nm, attributed to the high concentration of the 

delocalization defects in microwave -prepared sample than conventionally (one pot) – 

prepared sample. Moreover, the photoluminescence phenomena associated with the 

degree of deviation from the balance between two competing effects i.e. lattice and 

local coordination effects, around the studied element. The deviation found more for 

microwave synthesized sample. Therefore, microwave synthesized samples are prone 

to possess more delocalized defects. 

As the pure water has inefficient energy to decompose all alone but presence 

of photocatalyst promote this decomposition. Therefore, the study focused on 

photocatalytic water splitting by using of semiconductor NC i.e. Ag/AgCl@ZnO. 

mailto:Ag/AgCl@ZnO.
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Minimum four electrons required to stimulate the multistep-water reduction and 

oxidation reactions of overall water splitting process for H2 and O2 production, 

respectively. The sacrificial molecules (20% methanol in this case) act as an electron 

donor/ hole-acceptor and enhance the efficiency of the H2 production by consuming 

the holes. Various organic compounds such as alcohols, carboxylic acids, and 

hydrocarbons, etc, can act as an efficient hole-scavengers (or electron donors) for the 

photocatalytic H2 generation. Here, we used methanol as sacrificial electron donor.  

And result in a significant drop in the charge carrier-recombination process, enhance 

the hydrogen gas production in presence of the hole-scavenger and also avoid a 

subsequent gaseous product (H2 and O2) separation stage. Accumulative all process, 

leads to increase the overall H2 yield. It irreversibly encountered the photo-generated 

holes to enhance the photocatalytic electron/hole-separation efficiency and give rise to 

high quantum yields for hydrogen generation (Schneider and Bahnemann, 2013).  

Therefore, photocatalytic water splitting experiments was performed for the 

hydrogen generation from the molecular nanocomposite Ag/AgCl@ZnO that well 

dispersed in 20% aqueous methanol scavenger at pH =7, under 1.5AM G light 

irradiation as demonstrated by Figures 5a, 5b and 5c. The hydrogen generation from 

water in presence of nanocomposite Ag/AgCl@ZnO might follow the below 

mentioned reaction mechanism, expressed by Equations 9 to17: 

Generation of Hydrogen 
 

  (photocarriers (e-/h+) generation) ...(09) 

             (transfer of photoelectron)           ...(10) 

  
 (generation of free radical H*) (Schwarz, 1992)...(11)   

          (generation of free radical OH*)  ...(12) 

     (0.00 eV)    (generation of H2)                         ...(13)  

Consumption of h+ using CH3OH 
 

 (-0.126 eV) (Seetula, 1994) ...(14) 

   (-0.3848 eV)                        ...(15) 

                (-3.180 eV)                          ...(16) 
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               (-4.125 eV)                          ...(17) 

While the first two reactions (Equations 9 and 10) devoted to increase the 

concentration of photoelectrons on surface of molecular device, are thus to favor for 

reduction of water in presence of the sunlight and catalyst. The reactions (Equations 

11, 13 and 17), involve in generation of free radical H* and the formation of the 

H2 gas. These reactions had a large negative Gibbs energy, thus it intrinsically 

provides a barrier for the undesired reverse consumption of the H2. Furthermore, two 

possible mechanisms are proposed for photocatalytic oxidation of methanol: (1) the 

direct oxidation by photogenerated holes and (2) the indirect oxidation via interfacial 
•OH radicals. To distinguish the two mechanisms in practice is still a challenge due to 

the lack of suitable probe techniques. Although, we traced the presence of the *OH 

radicals on the surface of the catalyst under visible-light exposure by using alkaline 

terephthalic acid solution (initial pH=10.5) in NaOH as the probe in the 

photoluminescence method (Xiang et al., 2010; Xiang et al., 2011).  Figure 4a 

exhibited the gradual increase in PLE intensity at 428 nm with increasing irradiation 

exposure time. Furthermore, experiments show that no PL signals for the 

Ag/AgCl@ZnO NC impregnated terephthallic acid solution in dark (0 h-PLE curve) 

because pure molecular device is activated by visible light and result in no production 

of OH* radicals. Other PLE peaks situated at 562.8 nm and 632 .9 nm are associated 

with the Soret-band and Q-bands, respectively. The trapping of valence band holes by 

surface –OH- groups of the adsorbed water molecules, result in the production of –

OH* radical along with the decrease in its pH=8.14 with reaction. The production of –

OH* radical, is not only reflected from the decrease in pH (from 10.5 to 8.14) of the 

alkaline terephthalic acid solution impregnated with the molecular device but also 

from the raise in a global absorption maximum for PLE peak at 425 nm (Soret-band) 

with increasing exposure time along with the Q-bands, which are appear at 567 and 618 

nm. The molar absorption coefficient for the Soret-band is 155- 500 M−1 cm−1 shown in 

Figures 4a and 4b. In the PLE spectrum of catalyst in alkaline terephallic acid, the 

intense soret band is attributed to the S0 to S2 transition whereas the q bands are 

attributed to the S0 to S1 transition. In free base terephalate solution, the Q band 

further split owing to vibrational excitations. Therefore, two bands are produced due 

to transition from ground state to two vibrational states of the excited state [Q(0,0) 

and Q(1,0)] (Zhang et al. 2011; Spellane et al., 1980) This implies that the 
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fluorescence evident the chemical reactions between terephthalic acid and •OH formed 

during photocatalytic reactions (Xiang et al., 2011). Therefore, the experiments 

hydroxyl ions converted into hydroxyl radicals under the light exposure, which 

degrade the methanol and result in production of HCHO or HCOOH, as shown by 

Equations 14-17. Finally, the hydrogen production occurs through photocatalytic 

hassle-free reduction of the water.  

 
         Terephthalic acid + hydroxyl radical 2-hydroxy Terephthalic acid 
 
Figure 3.36 Reaction of the terephthalic acid with hydroxyl radical to form 2-hydroxy 
terephthalic acid 
 

It was found that no detectable amount of hydrogen production was observed 

even after the 72 h exposure of water with or without catalyst in dark. The H2 

generation capacity of the catalyst was continuously estimated for 20% methanol 

solution in an argon atmosphere via Gas Chromatograph (Agilent, TCD (8A column; 

model: 2780).  

Experimentally observed rate of hydrogen evolution are in good agreement 

with state of art nanocomposite Ag/AgBr/TiO2 that releases 1.00 mmol h-1 g-1 H2 after 

2 h, under the irradiation of 100W high-pressure Hg lamp-with IR filter (Yu et al., 

2009). Catalytic activity of the nanocomposite Ag/AgCl@ZnO was rejuvenated 

during the photocatalysis process, as it exposed by Equations 1 to 7 (Pfanner et al. 

1996; Glaus S, Calzaferri G., 1999). After photocatalytic activity of H2 production- 

measured, the catalyst (pinkish grey) was thoroughly washed with distilled water and 

reused after drying at 80 oC for 12 h. It was found there is no significant lost in 

catalytic activity even after three time use as shown in Figs 5b and 5c. Above 

spectroflurometric and photocatalytic study gives us hint about the electron transfer 

mechanism of the photocatalytic water splitting for the H2 production process, which 

is well illustrated by the Figure 5c. when the light falls upon the surface of the NC 

Ag/AgCl@ZnO then electron of VB jumped over to the CB and transferred to CB of 

ZnO though Ag metallic electronic pool. Where this photoelectron reduces the water 

to liberate H2 and holes consumed to generate HCHO or HCOOH by OH* radicals. 
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Table 3.11 Comparative hydrogen production efficiency of the all studied systems. 

S. No. System Particle 
shape 

Particle 
Size(nm) 

H2 Production 
in  mmol 

H2 Production 
mmol H2 h-1 g-1 

at 2h 
1.  Ag/AgCl(NaCl)@ 

ZnO (microwave 
synthesis) 

Nanolotus 57.72 nm 0.97 1.62121 

2.  Ag/AgCl(NaCl)@ 
ZnO (one pot 
synthesis) 

Spherical 59.12 nm  0.84 1.40441 

3.  Ag/AgCl(BaCl2)@ 
ZnO (one pot 
synthesis) 

2D-flax 
shaped 
particles 

53.67nm 0.49 0.8166 

4.  Ag/Ag3PO4@ZnO 
(one pot synthesis) 

Rice grain 
shaped 

38.82nm 0.21 0.3491 

5.  Ag/AgNO3@ ZnO 
(one pot synthesis) 

needle shaped 32.01nm 0.33 0.5500 

6.  Ag/Ag2CO3@ZnO 
(one pot synthesis) 

Flax shaped 29.26 nm 0.42 0.7140 

7.  Ag/Ag2SO3/ZnO 
(one pot synthesis) 

Rod/ needle 
shaped 

45.14 nm 0.44 0.7330 
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Figure 3.37 (a) Comparative hydrogen production rate for the all studied systems 
Ag/AgX@ ZnO (b) schematic representation of the electron transfer mechanism for 
hydrogen production through water splitting in 20% methanolic Ag/AgX@ ZnO NC. 
 
 



Chapter-3 
 

130 
 

3.12. Conclusion 
We explored nanocomposite Ag/AgCl@ZnO NC as a smart material 

(fabricated by two ways i.e. microwave and conventional) that can be utilized as a 

photocatalyst for hydrogen generation through water splitting under visible light 

exposure. The molecular device exhibits highest activity towards photocatalytic 

hydrogen generation among the state of art photocatalyst of the same class. Moreover, 

it was established for the molecular device that the photo electrons generated during 

the light irradiation was used as a photocatalyst for better hydrogen production and 

photo-holes reacted with OH- to form OH* radicals, which used as a scavenger to 

degrade the methanol into HCHO or HCOOH. Furthermore, advancement in the 

molecular device is in progress by replacing halides with other anions and other 

plasmonic materials.  
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CONCLUSION 

We had synthesised silver halides and ZnO based plasmonic nanoparticles (NPs) of 

Ag nanocomposites (NCs) by conventional one pot refluxing method and microwave 

heating that was utilised in visible-light-harvesting molecular devices for hydrogen 

creation via breaking of water. Formation of the nanocomposite Ag/AgX@ZnO (X 

(anion)= Cl, CO3
2-, PO4

3- NO3
-, SO3

2-) in many phases was confirmed by XRD and 

UV-Visible spectra of the compound. In the nanocomposite, silver halides AgX are 

unstable under sunlight (Hamilton JF 1974) and seldom used as photocatalysts. But 

with plasmonic silver nanoparticles and support, AgX become quite stable due to the 

additional SURS states and used for continuous H2 production in 20% CH3OH 

solution (Kakuta et al. 1999) under successive UV/Vis illumination. Thus, assembly 

Ag/AgX@ZnO, become able to act as a stable photocatalyst under visible light 

irradiation. On the behalf of the experimental and theoretical assessments in the form 

of the ionization energy of the diverse size -Ag clusters along with AgCl, it was 

established that Ag levels are located below the conduction band edge of AgCl. These 

additional AgCl surface states (SURS), as well as metal induced gap states (MIGS) 

present in the band gap region of AgCl of the Ag/ AgCl cluster composites, provoked 

the self-sensitization process in AgCl. Therefore, Ag/AgX supported mZnO can be 

employed as good photocatalytic system (Calzaferri et al., 2001; Glaus et al., 2002; 

Sumi et al., 1980; Yu, 2009) that can work fine under the UV-Visible light region. 

Rejuvenation of the AgCl in presence of Ag+ occurred due to the formation of the 

various silver species during the photoreaction, as follows (Equations 1-7), which had 

been analyzed experimentally and theoretically (Pfanner et al., 1996; Glaus and 

Calzaferri,1999).  

 

 ...(1)              

   ...(2)                                                       

   ...(3)                                                     
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         ...(4)                                                                                                                              

      ...(5)                                                                                             

       ...(6)                                                                                                   

     ...(7)                                                                                 

 

Therefore, Ag embedded in ZnO and AgX (X(anion)= Cl-, CO3
-2, PO4

-3, NO3
-, SO3

-2 

with SURS) matrix Ag/AgX@ZnO nanocomposites (Pirhashemi and Habibi-Yangjeh, 

2014), were made by one pot refluxing method(conventional) and microwave assisted 

method in aqueous media that to be used for generating hydrogen via water splitting. 

Where, ZnO site and AgX site of the nanocomposite generates photo electrons and 

holes, respectively and therefore, AgX (with expanded CB energy levels) works as 

polar carrier segregator for charge carrier as shown in Scheme 1. These charge 

carriers: the electrons used to reduce water and holes: oxidised CH3OH by 

transporting electrons to plasmonic material (Ag NPs) from ZnO (hole rich). The 

whole assembly become capable for exploiting visible light by repressing the rate of 

photo carriers- union. Therefore, the nanocomposite Ag/AgCl@ZnO, became capable 

for the hydrogen generation with good efficiency of the molecular device. In addition 

to above, the advance analytical physicochemical methods were used to define the 

pact of the NC.  

 

 
 

 

Scheme 1. Components of the mocelular device (Ag NPs embedded AgCl-ZnO NCs) 

used for the overall water splitting phenomenon along with their comparative energy 

level diagram. 
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The pure water did not decomposed by itself because of its inefficient energy. 

Therefore, the presence of the photocatalyst is necessary required to speed up the 

decomposition process. In this study, we focused on semiconductor NC i.e. 

Ag/AgCl@ZnO (photocatalyst) that to be applied for photocatalytic water splitting. 

Minimum four electrons required to stimulate the multi-steps of water oxidation 

reactions and two electrons required for reduction of water for overall water splitting, 

required for O2 and H2 elvolution, respectively. To avoid the complication of the 

separation of gases and recombination of the photoelectrons and holes, water splitting 

proceed with in presence of the scavengers (for H2 production hole-scavengers and for 

O2 production electron-scavengers). Some of the efficient organic hole-scavengers 

are: alcohols, carboxylic acids, and hydrocarbons etc, that can act as electron donors 

in the photocatalytic H2 generation process. For this particular case, we had used 20% 

methanol act as sacrificial agent (electron donor/ hole-acceptor) to increase the 

H2 production efficiency of photocatalyst by eating the holes.  It irreversibly enhanced 

the separation efficiency of the photocatalytically generated electron/hole- and boost 

the high quantum yields for hydrogen production (Schneider and Bahnemann, 2013).  

Hence, the photocatalytic water splitting experimentation was performed by 

using the molecular nanocomposite Ag/AgX@ZnO that was well spread in 20% 

aqueous methanol (hole-scavenger) at pH =7, under exposure of 1.5AM G light, as 

illustrated by Figures 5a, 5b and 5c. The hydrogen generation from water in presence 

of particular case: nanocomposite Ag/AgCl@ZnO follow the below mentioned 

reaction mechanism, expressed by Equations 8 to17: 

Generation of Hydrogen 
 

  (photocarriers (e-/h+) formation) ...(8) 

             (photoelectron transfer)               ...(9) 

  

                       (production of free radical H*)   ...(10)   

          (production of free radical OH*)  ...(11) 

     (0.00 eV)    (production of H2)                         ...(12)  
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Consumption of h+ using CH3OH 
 

 (-0.126 eV) (Seetula, 1994) ...(13) 

   (-0.3848 eV)                        ...(14) 

                (-3.180 eV)                          ...(15) 

               (-4.125 eV)                          ...(16) 

Equations 8 and 9 induce the concentration of photoelectrons on surface of the 

catalyst to favour the reduction of water under Xe -light irradiation. The free radical 

H* generation and formation of the H2 gas are shown by the Equations 10, 12 and 16. 

Due to the large negative Gibbs energy of above reaction, a barrier formed for the 

using up of the H2 in any reaction. There are two most probable reaction mechanisms 

are proposed for the photocatalytic oxidation of methanol i.e.: (1) the direct oxidation 

by photogenerated holes and (2) the not-direct oxidation through interfacial •OH 

radicals. To distinguish above mechanisms in practice, is still a great challenge due to 

the lack of suitable techniques to trace the reaction in-situ. Although, we can marked 

out the presence of the *OH radicals at the catalyst surface on visible-light 

exposure in presence of the alkaline terephthalic acid solution (initial pH=10.5) by 

using photoluminescence method (Xiang et al., 2010; Xiang et al., 2011).  Figure 4a 

presented the gradual augment in PLE intensity at 428 nm (as a result of the 

production of –OH* radical along) with increasing irradiation exposure time along 

with Soret-band and Q-bands at 562.8 nm and 632 .9 nm, respectively. Where, the 

intense Soret band, associated to the S0 to S2 changeover, whereas the Q-bands are 

trait of the S0 to S1 transition. Furthermore, experimental proof show that no PL peaks 

received for the Ag/AgCl@ZnO NC permeated terephthallic acid solution in dark (0 

h-PL emission plot) because this molecular device get activated in light and without 

light there is no manufacturing of OH* radicals.  

 

In dark no detectable amount of hydrogen produced even after the 72 h 

disclosure of water either with or without catalyst. The H2 generation capacity of the 

nanocomposite was continuously measured in 20% methanol solution in an argon 

atmosphere via Gas Chromatograph (Agilent, TCD (8A column; model: 2780) for 7h.  
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Experimental hydrogen evolution rate of Ag/AgBr/TiO2 is foud 1.00 mmol h-1 

g-1 H2 after 2 h, under the exposure of 100W high-pressure Hg lamp-with IR filter (Yu 

et al., 2009), which was in good agreement with state of art nanocomposites. 

Photocatalytic activity of the nanocomposite Ag/AgCl@ZnO was rejuvenated under 

the light exposure, as shown by Equations 1 to 7 (Pfanner et al. 1996; Glaus S, 

Calzaferri G., 1999). After the measurement of the H2 production- activity of the 

nanocomposite systems (pinkish grey), the compound was properly washed with 

distilled water and reused after dehydrated at 80 oC for 12 h. It was found that there is 

no noticeable lost in catalytic activity even after thrice use as shown in Figures 5b and 

5c. The spectroflurometric and photocatalytic measurement gives experimental proof 

of the electron transfer mechanism for the H2 production process in photocatalytic 

water splitting, as illustrated in the Figure 5c. It reveals that when the light falls upon 

the surface of the NC Ag/AgCl@ZnO than electron of VB jumped to the CB and 

afterwards transferred to CB of ZnO through Ag metallic electronic pool. Where, this 

electron utilized to reduce the water into H2 and holes to produce HCHO or HCOOH 

by OH* radicals. Table 4.1 represent the hydrogen generation capacity of the samples 

that may vary with anion of AgX, preparation technique, particle shape and size of the 

nanocomposite. 

Table 4.1   Hydrogen production efficiency recorded for the all observed systems. 

S. No. System Particle 

shape 

Particle 

Size(nm) 

H2 Production 

in  mmol 

H2 Production 

mmol H2 h-1 g-1 

at 2h 

1.  Ag/AgCl(NaCl)@ 

ZnO (microwave 

synthesis) 

Nanolotus 57.72 nm 0.97 1.62121 

2.  Ag/AgCl(NaCl)@ 

ZnO (one pot 

synthesis) 

Spherical 59.12 nm  0.84 1.40441 

3.  Ag/AgCl(BaCl2)@ 

ZnO (one pot 

synthesis) 

2D-flax 

shaped 

particles 

53.67nm 0.49 0.8166 

4.  Ag/Ag3PO4@ZnO 

(one pot synthesis) 

Rice grain 

shaped 

38.82nm 0.21 0.3491 
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5.  Ag/AgNO3@ ZnO 

(one pot synthesis) 

needle shaped 32.01nm 0.33 0.5500 

6.  Ag/Ag2CO3@ZnO 

(one pot synthesis) 

Flax shaped 29.26 nm 0.42 0.7140 

7.  Ag/Ag2SO3@ZnO 

(one pot synthesis) 

Rod/ needle 

shaped 

45.14 nm 0.44 0.7330 

 

Smaller the particle, higher the efficiency (L=29.26 nm; η =0.7140), large surface 

area (L=57.72 nm; η =1.62121). Among the series of anions (CO3
-2, PO4

-3 NO3
-, SO3

2-

), nanocomposite with SO3
2- anion group show the maximum efficiency (needle shape 

with L=45.14 nm; η =0.7330). There is no single reason behind the efficiency but 

there are several factors which has decisive role for efficiency of hydrogen 

generation. It can be result as the nanocomposite Ag/AgCl(NaCl)@ZnO (lotus shape 

particles synthesised by microwave method) which shown maximum efficiency. 

These systems can be optimised by varying various synthesis parameters (pH, 

composition, temperature, anions, addition of surfactant Ag/AgX and ZnO ratio) and 

supporting material (ZnO) and plasmonic material (Au, Cu, Na etc). Furthermore, the 

efforts will be made in improving the efficiency of the molecular device. 
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SUMMARY 

 

Energy is very important issue in looking to the current energy scenario, 

where conventional fuels not are only depleting with very fast speed but their 

consumption keeps polluting our environment with high speed. Therefore, clean 

energy is the demand of the time. Hydrogen is pretty good energy source and carrier. 

However, hydrogen is abundantly available element on our planet but mostly 

associated either with carbon or metals.  Therefore, we had selected water as the 

carbon free source of hydrogen, which give hydrogen after breaking it with renewable 

source like solar power (sunlight) in presence of photocatalytic material. The present 

thesis had taken up the nanocomposites Ag/AgX@ZnO as the photocatalytic material 

for hydrogen production by splitting water. For this the six metal nanocomposites 

Ag/AgX@ZnO consist of the metal oxide (ZnO) as supporting material, noble metals 

(Ag) as plasmonic material and MX (X= Cl-, CO3
-2, PO4

-3, NO3
-, SO3

-2 with SURS) 

was synthesised using microwave and one pot refluxing method. As synthesized 

nanocomposite molecular devices were well characterised using advance techniques 

before and after being used for hydrogen production through water splitting. Which, 

strengthen our technological competence in the field of designing the photocatalyst 

for proficient water splitting with a assurance of giving reasonable solution for the 

production of clean fuel i.e. hydrogen at large scale. That will resolve the present 

current energy tight situation without spoiling our valuable environment any longer. 

The entire research work is divided into three chapters. 

The first chapter deals with introduction of this research work by including 

literature survey, objective, scope and previous application of the title. Hydrogen can 

be considered as the most clean and storable energy carrier of the future and has good 

capability to substitute the conventional fossil fuel to address the problem of 

environment pollution. Hydrogen can be generated by the using renewable (hydro, 

wind, wave, solar, biomass and geothermal) and non-renewable (coal, natural gas and 

nuclear) source of energy for splitting of water. Other methods used for hydrogen 

production i.e. steam reforming, pyrolysis /plasma reforming of the natural gas, 
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gasification/partial oxidation of coal or oil, by utilizing the solar energy for thermal, 

electrolysis by photocatalytical splitting of water, were also discussed. 

Different classes of photocalalysts (plasmonic material induced-, quantum dot 

sensitized- materials and other systems of similar category) were well conversed in 

this chapter in the light of their synthesis, efficiency of water splitting for hydrogen 

generation efficiency.  

The second chapter illustrates the fundamental experimental techniques 

conducted to analyses the as prepared photocatalytic samples. This chapter deals with 

the description and their application of various advance characterization techniques 

which are important to characterize the as-synthesized nanocomposites. It also 

discussed the detailed instrumentation method with emphasis on sample preparation 

and analyses techniques. These characterization apparatus deals with the 

characterization of the synthesized nanocatalyst with the knowledge of the basic 

theories and principles associated with instruments such as electron microscopes, UV-

Visible spectrophotometer, FTIR spectrophotometer, XRD, SEM, EDX, electronic 

balance, pH meter, used for the study.  

The third chapter well discussed the different synthesis methods and 

successfully prepared the microwave assisted lotus shaped and conventional single 

pot refluxing method for spherical Ag/AgCl(NaCl)@ZnO nanocomposites (NCs) 

along with five other nano composites of different shaped-nanoparticles (NPs) 

Ag/AgX@ZnO (X= Cl, CO3
-2, PO4

-3, NO3
-, SO3

2-). As synthesised compounds was 

characterised using advance analysis techniques such as: X-ray diffraction (XRD), 

UV-Vis absorption spectroscopy, energy dispersive X-rays (EDX) analyses, scanning 

electron microscopy and their corresponding elemental mapping, FTIR spectra was 

taken at different stages of the formation of the nanocomposites. Photolumeniscence 

emission technique used to identify the defects in crystal lattice. These molecular 

assemblies exploit the visible-light for hydrogen production through water splitting 

under the exposure of 300 W Xe light source. All synthesized samples show quite 

good efficiency towards hydrogen production through water splitting. 

In conclusion session all synthesised sample were compare on the basis of 

their water splitting capability and their various characteristics. 
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Co-doped ZnO nanorods (CoeZnO NRs) were synthesized by hydrothermal method using

cationic surfactant cetyltrimethylammonium bromide (CTAB). Their physical growth

mechanism was traced in the light of FESEM and HRTEM studies. A strong correlation

between their electronic structural arrangement and photocatalytic activity was estab-

lished. Broad and uniform peaks were found between 525 and 700 nm in UVeVis. diffuse

reflectance spectra, which were attributed to the ded transition of Co2þ ion. Successful

loading of the nano-sized sensitizer CdS onto the CoeZnO NRs' surface, contributes to the

band gap reduction in CdS/CoeZnO NRs (Eg ¼ 2.25 eV) sample. X-ray absorption spec-

troscopy confirms the presence of the lower degree structural disorders in CdS/CoeZnO

NRs with respect to the pristine ZnO and CoeZnO NRs. Gradual modification in pristine

ZnO NRs enhances the photocatalytic activity. Hetero-assembly of 1.5% Pt/CdS/CoeZnO

NRs, exhibited excellent photocatalytic responses in terms of quantum efficiency (1.98%)

and hydrogen generation capacity (67.20 mmol/H2 g) under 1 Sun (1.5AM G) light exposure.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Hydrogen is the most compatible and clean fuel on the planet

in terms of energy economy and ecological health of the

planet [1e3]. Unfortunately, the large amount of the H2 is

produced by the carbon containing resources that release
722; fax: þ91 744 2471742
(N. Chouhan).
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enormous amount of CO2 in atmosphere. Beside this, nature

has provided us a carbon-free abundant source of hydrogen in

form of water almost free of cost. Cleavage of water in pres-

ence of the photocatalyst (a semiconductor of appropriate

band gap) and sunlight, can produce hydrogen in an eco-

friendly manner. Although, sunlight and water, comes free

of cost to us but the cost, stability and efficiency of the
.

ished by Elsevier Ltd. All rights reserved.
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photocatalysts are the main thrust areas for the large scale

hydrogen production. At some extent oxide photocatalysts

(ZnO, TiO2, Ga2O3, Nb2O3, In2O3 Fe2O3, SnO2, WO3, NiO, etc.)

were found fit in above criteria. Out of the commercially

available wide range of oxide semiconductors, ZnO [4,5] has

been selected for the study because of its superb and unique

inherent qualities such as low cost, wide availability, viability

to change in morphology, large excitonic binding energy

(60meV), deep photon penetration, short diffusion length, low

reflectivity, high carrier mobility, good bio-compatibility, etc.

Usually, the nanostructures of ZnO have a large degree of

charge transfer over their bulk counterparts that is due to

their large surface area to volume ratio, short lateral diffusion

length and low reflectivity [6]. Few of the notable ZnO systems

that accounts for photocatalytic water splitting are N-doped

ZnO nanowires (h ¼ 4%) [7], CdTe sensitized ZnO nanorods

(1.98%) [8], CdSe sensitized ZnO nanotubes [4], GaN-ZnO (5.2%)

[9], ZnSeZnO coreeshell (STH ¼ 0.38%) [10], TiO2 shell ZnO

core NPs (h ¼ 0.17%) [11], ZnO/ZnO:Cr [12], Si/ZnO core shell

nanowires (0.035%) [13], ZnO and Fe2O3 modified TiO2 fibres

(0.12 ml/min mg) [14], etc. Furthermore, doping of transition

metals to the semiconductors, used to improve the optical

output of these photocatalytic materials. The effect of

different transition metals (Fe, Co, Ni, Cu, Zn, In, etc) on the

photocatalytic activity of oxide semiconductorwas studied for

splitting of water into hydrogen and oxygen under UV irradi-

ation [15,16]. In nonoxide semiconductors category, nano-

composite Ni-doped InN/GaZnON and Ni-doped CdS

nanoparticles are a good example of semiconductor that

release 2.23 mmol h�1 and 25.848 mmol/(h g) of H2, respec-

tively, under visible light irradiation [17,18].

Hence, cobalt doping was employed to modify the surface

quality of ZnO. Therefore, it was decided to synthesize

nanostructures of ZnO and Co doped ZnO systems for water

splitting and hydrogen generation. Consequently, the hydro-

thermal method [5] was adopted to develop one dimensional

(1D) nanorods (NRs) of CoeZnO by controlling the surfactant

(CTAB; cetyltrimethylammonium bromide) concentration in

water. Unluckily, neither the ZnO NRs nor CoeZnO NRs, can

exploit sunlight fully due to their wide band gap (WBG) i.e.

Eg ¼ 3.2 eV. More often the hetero-assemblies (by incorpora-

tion of visible light harvesting moiety to oxides) are made by

introducing better light harvesting material (chalcogenide

quantum dots/dyes) to nanooxide systems that to enhance

their light harvesting capacity. A small amount of the state of

art hetero-assemblies are mentioned here as H4Nb6O17/CdS,

Pt/TiO2/Zn-porphyrin, ZnO/Erythrosine, Pt/SrTiO3:Rh/BiVO4,

Fe2O3/WO3, ZnO/CdSe, TiO2/CdS, etc, which was also used for

water splitting [19e28]. These heterostructures exhibit excel-

lent stability, capability to utilise the wide portion of visible

light, and suppress the recombination of the light generated

photo-electrons and photoholes. For this reason, a chalco-

genide CdS (Eg ¼ 2.4 eV) was introduced as a sensitizer to ZnO

or CoeZnONRs. Additionally,1.5% Ptwas loaded as co-catalyst

to generate reduction site to consume the photoelectrons at

the surface of CdS/CoeZnO NRs. Then this nanomolecular

machines i.e. 1.5% Pt/CdS/CoeZnO NRs, were utilised for

photocatalytic water cleavage, in aqueous electrolyte (0.35 M

Na2S þ 0.25 M K2SO3, pH ¼ 13.3) under visible light irradiation

[29].
Please cite this article in press as: Chouhan N, et al., Visible light h
hydrogen generation, International Journal of Hydrogen Energy (2015
Experimental

Synthesis of ZnO and CoeZnO NRs

Typical synthesis of ZnO or CoeZnO nanostructures includes

twomajor steps: (i) seed formation and (ii) growth of NRs. First

step involves precipitation of CoeZnO seeds by oxidation of

aqueous nitrates for zinc and cobalt in 10:1 ratio, using liquid

ammonia. Afterwards, CoeZnO seeds (2 g; green powder) were

utilised to harvest NRs, by varying surfactant (CTAB) con-

centration (17.5, 20, 25, 30, 35 and 40%) in reverse micelle hy-

drothermal method at 200 �C for 10 h, reported earlier [25].

Here, CTAB-micelles served as the templates in nanocrystals

growth. For the synthesis of ZnO NRs, the same synthesis

process was adopted without taking cobalt salt.

Loading of CdS on to the surface of ZnO and CoeZnO NRs

Direct sulfurization method was employed to add CdS sensi-

tizer to ZnO and CoeZnO NRs, described somewhere else [30].

Respective pinkish white and yellowish green powder of CdS/

ZnO NRs and CdS/CoeZnO NRs were obtained, which was

washed thoroughly with hot water and dried in the oven at

60 �C for 24 h.

Co-catalyst addition to CdS/CoeZnO NRs surface

CdS-loaded ZnO and CoeZnO NRs, were decorated with co-

catalyst (1.5% Pt) to facilitate the reduction sites on the pho-

tocatalytic surface, by impregnation method [24]. Finally, the

sample was dried at 60 �C for 12 h in oven and used as such for

photocatalytic cleavage of water.
Results and discussion

Study of surface morphology

As fabricated nanomolecular device (1.5% Pt/CdS/CoeZnO

NRs) was rigorously characterised at every step of fabrication

process, using variety of analytic tools. Morphological images

of ZnO NRs, was recorded using a field emission-scanning

electron microscope (FESEM; Hitachi S-4000) after every step

of advancement. High resolution transmission electron mi-

croscope (HRTEM; JEM-2100F, at 200 kV) and corresponding

energy-dispersive X-ray (EDX) spectroscopy, were used to

know the lattice fringes and growth directions from selected

area electron diffraction (SAED) pattern and elemental ratio.

Products of hydrothermal process at varying concentration of

aqueous CTAB and seeds, were examined by using FESEM

(Fig. S1). All concentrations of CTAB (17.5, 20, 25, 30, 35 and

40%) was kept greater than its critical micelle concentration

(CMC; 0.95 mM) to promote one dimensional (1D) augmenta-

tion of CoeZnO seeds [31]. According to the principle of dy-

namic solvation, there is a selective adsorption (electrostatic)

of the cationic surfactant on the hexagonal facets i.e. (100) and

(111) planes, which was also evident from HRTEM images of

CoeZnO seeds [32]. Dissimilar rate of attachment/detachment

of surfactant on above planes, effectively reduce the energy
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and growth rate along these planes that allows NRs to grow

along (011) plane [33,34]. Sterically bulky cationic surfactant,

CTAB plays two major roles in production of one dimensional

CoeZnO structures: (i) As micellizer, it induces 1D molecular

aggregation of micelles in aqueous medium and (ii) As stabi-

lizer, it stabilises themicelle-captivated CoeZnOnanoclusters

by preventing their uncontrollable growth. Results of both of

these actions collectively promote cylindrical aggregation

(wormlikemicelle) of ZnO or CoeZnO seeds (scaffold by CTAB)

in opposite directions with time that creates a junction in the

middle of the rods (revealed from FESEM images) [35,36]. The

growth process of NRs will continuous till the critical mass of

the nanorods of ZnO or CoeZnO, was attained. Afterwards,

NRs split into two parts, as illustrated in Fig. 1. Final size of the

NRs strictly depend on the size of the reaction volume i.e.

driven by the radius of the cavity in water droplets with sur-

factant Rw, which is expressed by the following Equation (1)

[37].

Radius of the cavity in water droplets with surfactant

Rw ¼ 3 Vaq½H2O�=s½s� (1)

where, s[s] ¼ polar group area of surfactants' head and

Vaq[H2O] ¼ volume of water. It means the size of the nanorod

can be regulated by changing the volume of water and the

polar head area of micelles (controlled by CTAB concentra-

tion). Increase in volume of water droplet directed to increase

the volume of the surfactant in surfactant-incorporated water

droplets. Increase in CTAB concentration tends to increase in

head area of polar group. Both of these effects, contribute

equally in keeping the size of the CoeZnONRs (~400 nm broad

and 2 mm long) same even at higher CTAB concentration

reactions.

FESEM images (Fig. S1a and b) of the CoeZnO nano-

architects fabricated at different concentrations of the CTAB

and the supporting literature [38], give some significant hints

about their physical growth mechanism. Gradual morpho-

logical transformations were observed in finishing-end shape

of the CoeZnO NRs with augmentation in CTAB amount/

concentrations. At 17.5, 20, 25, 30, 35 and 40% CTAB concen-

tration, corresponding shuttle-end, flat end, cocoon-end
Fig. 1 e A schematic gradual physical growth mecha
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(without hole), cocoon-end (with hole), cocoon-end (with big

hole) and cocoon-end (with hole) hexagonal rods were ob-

tained, respectively. Due to the apt salt/surfactant ratio

(CoeZnO/CTAB ¼ 1:0.20) in 20% CTAB [39], the flat-end

CoeZnO NRs were produced. Beyond 20% CTAB concentra-

tion, the enhancement in CTAB concentration, promotes the

formation of excess of bromide ions by cleavage of CTAB.

These bromide ions induced chemical inching in nanooxides,

which was initiated from the centre of the (011) plane of the

hexagonal CoeZnO NRs and created a hole at centre. The size

of this hole increases with CTAB concentration from 50 nm

(30%CTAB) to 76 nm (35%CTAB) to 98 nm (40%CTAB). Further,

whatever may be the concentration of CTAB was used for

synthesis, almost same sized (400 nm wide and 2 mm long)

hexagonal-nanorods were obtained.

SAED pattern (Fig. 2a) of flat-end CoeZnO NRs was ob-

tained corresponding to the HRTEM image, which evident the

hexagonal orientation of the Lau's spot around central spot,

proves the presence of the crystalline single hexagonal phase

of the CoeZnO NRs, consistent with X-ray powder diffraction

(XRD) results. Lattice fringes, depicted in the HRTEM image

(Fig. 2b), are separated by 2.42 nm distance, illustrate the high

crystalline nature of NRs that grow along the (011) plane. EDX

profile of the CoeZnO NRs, possess the Co and Zn peaks that

confirms the Co-doping onto ZnO lattice (Fig. 2c). Fig. 2d ex-

hibits the HRTEM image of CdS loaded Co doped ZnO that

revealed the presence of the heterojunction between CdS and

Co-doped ZnO.
XRD analysis

X-ray diffraction patterns of the synthesised samples were

recorded on Philips X'Pert MPD-3 diffractometer (mono-

chromatized radiation of Cu Ka (l ¼ 0.15418 nm), scan

rate¼ 0.05� 2q s�1, at applied voltage 45 kV and current 40mA).

XRD patterns, shown in Fig. 3aec, verify crystallisation of ZnO

and CoeZnO NRs in a single wurtzite phase. Positions of

diffraction peaks of the ZnO and CoeZnO NRs, are in good

agreement with the standard JCPDS (Joint Committee on

Powder Diffraction Standards) card No. 36e1451, which
nism for hexagonal faceted CoeZnO nanorods.
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Fig. 2 e HRTEM micrographs of CoeZnO NRs including the (a) SAED pattern, (b) lattice fringes, (c) EDX analysis. This shows

well ordered crystalline planes along with hexagonal packing of atoms and a lattice spacing of 2.42 nm, corresponding to

the growth 011-plane of Co doped-ZnO lattice and (d) HRTEM image of CdS nanoparticles loaded Co-doped ZnO that revealed

the presence of the heterojunction between CdS and Co-doped ZnO.

Fig. 3 e Powder XRD patterns of the (a) pristine ZnO and CoeZnO NRs with respect to standard ZnO (JCPDS card No. 036-1451)

with (b) (100), (002) and (101) reflections highlighted between the angles 31.0e37.5� to demonstrate the insertion of Co in

ZnO lattice and (c) loading of CdS on ZnO and CoeZnO surface and star sign assigned to the hexagonal CdS peaks (JCPDS No.

80-0006). First star at lowest angle represents the combined intensities of (100), (002), and (101) peaks, second and third star

belongs to (110), and (112) peaks of CdS, respectively.
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accounts for the hexagonal crystal growth in both samples

along the 011 plane. Diffraction patterns of the pristine ZnO

and CoeZnO NRs, shown by Fig. 3a, confirm that both belongs

to the P63mC space group and their corresponding lattice pa-

rameters are a¼ b¼ 3.1919Å, c¼ 5.1908Å, a¼ b¼ 90�, g¼ 120�,
at z ¼ 4, V ¼ 52.8800 Å3 and a ¼ b ¼ 3.1942 Å, c ¼ 5.1968 Å,

a ¼ b ¼ 90�, g ¼ 120�, at z ¼ 4, V ¼ 52.9600 Å3, respectively.

Minor shifting in XRD-peaks of CoeZnO was found towards

lower angles in comparison to the pristine ZnO NRs (Fig. 3b)

that strongly recommends the incorporation of the slightly

bigger ions i.e. Co2þ (IR ¼ 0.075 nm > Zn2þ; IR ¼ 0.074 nm) into

ZnO lattice. Value of c/a ratio was estimated as 1.626 (1.633 for

ideal tetrahedra) for the CoeZnO system that reflected the

hexagonal packing of the atoms by geometric occupation of

ions at dissimilar sites of slightly distorted tetrahedra. The

tetrahedral positions are occupied by anions at four apices

and by cations at centre [40].
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Another crystal parameter b/c (u) ¼ 0.615 (0.375 for an ideal

crystal), shows the existence of the anionecation bond, par-

allel to the c-axis. c/a parameter follows an inversely pro-

portional relationship with u. Therefore, on decreasing c/a

valuewith respect to ideal tetrahedra, u adjusts itself in such a

way that the four tetrahedral distances get balanced through

the distortion in tetrahedral angles and distances. Prominent

and sharp peak (011) around 2q¼ 36.26�, reconfirms the crystal

growth along (011) plane. Crystalline domain of the flat end

CoeZnO NRs, was calculated using Debye-Sherrer equation

i.e. 385 nm,which is quite near to the average size (~400 nm) of

the NRs thatmeasured by FESEM images. Fig. 3c expressed the

significantly broad XRD peaks of CdS accompanied with reg-

ular wurtzite CoeZnO peaks, in CdS/CoeZnO NR's sample. In

the same sample presence of the first broad peak centred at

2q¼ 27� is an aggregation of (100), (002), and (101) peaks of CdS,

(110) peak at 2q ¼ 44�, and (112) peak at 2q ¼ 52.5�, are also in
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good agreement with the standard CdS (JCPDS card No. 80-

0006). It proves the successful loading of the hexagonal CdS

nanoparticles onto the ZnO NR's and CoeZnO NR's surface as

shown in Fig. 3c. XRD patterns of the all studied samples are

shown in Fig. 3aec and following Equation (2) [41], is used to

measure the crystallinity of the samples.

Crtð%Þ ¼ fðI011 � IamÞ=I011g � 100 (2)

where, Crt ¼ the relative crystallinity (in percentage); I011 ¼ the

highest intensity of the (011) diffraction angle of the crystal

lattice (arbitrary unit; au); and Iam ¼ the scattering strength

diffracted by the non-crystalline environment (if 2q is close to

angle 21�, the unit is similar to I011). The observed crystallinity

(ZnO NRs (95.00%), CoeZnO NRs (94.00%), CdS/ZnO (90.00%)

and CdS/CoeZnO (78.95%)) of the all studied samples is de-

creases with gradual modification in the basic ZnO NRs

sample.
UVeVis DRS study

Diffuse reflectance UVevisible absorption spectrum was

recorded for the dry and pressed disk samples of powdered

ZnO NRs to confirm the doping of Co and deposition of CdS on

ZnO NRs, by using UVevisible spectrophotometer (UV-1700,

Shimazdu, Japan with UV Probe device). Moisture free BaSO4

was used as a reflectance standard in a UVeVis diffuse

reflectance experiment. Instrumental error was noticed

around the wavelength 350 nm due to the shifting of the light

source from UV to Visible region, which was found respon-

sible for the noise. Characteristic diffuse reflectance spectra

(Fig. 4a and b) of the samples illustrate the red shifts in their

edges with broadening in the main peak (300e525 nm) on

successive advancement (addition of Co or CdS) in the ZnO

NRs for making of the hetero-assembly CdS/CoeZnO NRs.

First excitation peak centred at 450 nm, represents the pres-

ence of the CdS. Co2þ-incorporated samples (CoeZnONRs and

CdS/CoeZnO NRs) exhibits a secondary peak around

525e700 nm that is attributed to the multiple ded transitions

of Co(II) [42]. Band gap (Eg) of the studied system has been

estimated at different stages of the advancement of ZnO NRs

using the KubelkaeMunk function F(R) vs wavelength plot

(Fig. 4a and b). Successive surface modification of ZnO nano-

structures reduces their band gaps, as follows 3.18 eV (ZnO
Fig. 4 e Diffuse reflectance spectroscopic Kubelka-Munk plots (F

before and (b) after CdS loading.
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NRs), 3.00 eV (CoeZnO NRs), 2.48 eV (CdS/ZnO NRs) and

2.25 eV (CdS/CoeZnO NRs). Band gap of the CdS/CoeZnO NRs,

ensures us about the good possibility of using it for photo-

catalytic hydrogen generation.

First excitonic peak of DRS spectrum was utilized to

determine the particle size of the sensitizer CdS (ca 5.24 nm) in

CdS/CoeZnO NRs by using following power Equation (3) [43],

D ¼ ��6:6521� 10�8
�
l3 þ �

1:9557� 10�4
�
l2 � �

9:2352� 10�2
�
l

þ ð13:29Þ
(3)

where, D (nm) is the size of the CdS nanosensitizer in heter-

ostructure, and l (nm) is the first excitonic absorption wave-

length i.e. 450 nm for the corresponding sample. It

represented that the incorporation of 5.24 nm CdS nano-

particles on CoeZnO NRs (~400 nm broad and 2 mm long).
XAS study

X-Ray absorption spectroscopy (XAS), was used to examine

the local electronic environment around the centre atom. XAS

(XANES/EXAFS) was recorded at BL-8 dispersive EXAFS

beamline at INDUS-2 synchrotron radiation source at RRCAT,

Indore. Measurements were made at the Zn K-edge (9659 eV)

in fluorescence mode at room temperature with a seven-

element HPGe detector and double crystal Si (111) mono-

chromator. Measurements were performed along the c axis

perpendicular to electric field vector and along the c axis in the

plane of the electric field vector. The raw X-ray absorption

data were analysed using a standard procedure (software

program ATHENA) that includes the subtraction of the pre-

and post-edge background, edge calibration with a reference

Zn foil, and normalization of edge jump. The Fourier trans-

form of the normalized k3-weighted EXAFS spectra was taken

using the program ARTEMIS for k from 2 to 11.5 Å�1 and

Hanning window function followed by a nonlinear least-

squares fit between 1.0 and 3.6 Å. Theoretical phase and

amplitude functions were calculated using the FEFF (V. 8.4)

code.

This technique identifies the lattice disorders and short-

range local atomic arrangement around the central atoms,

which XRD can't observe [44]. XAS profiles of the ZnO, CoeZnO
(R) vs wavelength) of pristine ZnO NRs and CoeZnO NRs (a)
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and CdS/CoeZnO NRs, were recorded at Zn K edge. Typical

normalized XAS plot between X-ray absorption cross-section

and photonic energy (PE) are displayed in Fig. 5aec. XAS pro-

file was divided into four prominent zones with respect to the

photonic energy of incoming photons i.e. pre-edge, edge,

near-edge (XANES; X-rays absorption near edge spectroscopy)

and fine structures (EXAFS; extended X-rays absorption fine

structures and NEXAFS; near edge X-ray absorption fine

structure) regions. Absence of pre-edge features (ls / 3d;

dipole forbidden transition, PE < 9659 eV) in all samples are

credited to the fully occupied 3 d10 configuration of Zn2þ ions

[39] and negligible p-band defects. Edge features (ls / 4p) of

CoeZnO shifted towards the higher PE ¼ 9660.23 eV with

respect to the pure ZnO and CdS/CoeZnO NRs (PE ¼ 9659 eV)

are attributed to the replacement of the high polarity ZneO

bonds by the low polarity CoeO and CoeZn bonds in CoeZnO.

Eventually, the presence of the highly polar bonds of CdS/

CoeZnO NRs i.e. CdeO, CdeS and ZneS, nullified the shifting

in edge. It also confirms the existence of the highly oxidised

Zn atoms (>2 þ oxidation state) in CoeZnO NRs, attributed to

the adsorption process [45]. Almost same edge position of the

pristine ZnO and CdS/CoeZnO NRs, signify the retention of

similar oxidation state of Zn (2þ) in both. Intense, symmetri-

cal and superimposed white line (WL) peak features of ZnO

and CoeZnO NRs, centred at 9668.50 eV (10.01 eV/step), are

originated due to ls-4p hybridization, reflected the similar

electronic surroundings in both the species. Short heighted

WL peak of CdS/CoeZnO NRs, predicts the low degree of

anisotropy, and highly disordered arrangement of elements

around Zn atom [6]. Electronic transition 1s / 4d in Zn is

attributed to the EXAFS features at P E ~ 9668.50 þ 50 eV.

Shoulder peak was observed at 9678.52 eV, followed by the

symmetrical third and fourth peaks at PE 9695.96 and

9714.00 eV, respectively for both sample. These fine features

reflected that the anions envelop the central Zn atoms in a

regular tetrahedral fashion in above two samples. Absence of

the 9695.96 eV peak in CoeZnO, reveals the existence of the

cobalt (II) oxide with few Co atoms that substitute zinc in the

ZnO system [46]. It stimulates the distorted tetrahedral sur-

rounding around Zn and deviation in the lattice parameters
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Fig. 5 e Normalized synchrotron-radiation based

absorption cross section as a function of photonic energy

with the geometry of the c-axis aligned parallel to the

electric field vector of the x rays at the Zn K-edge

(E ¼ 9659 eV) spectra of (a) pristine ZnO NRs, (b) CoeZnO

NRs and (c) CdS/CoeZnO NRs, recorded in a florescent

mode.
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[45]. NEXAFS features for ZnO and CdS/CoeZnO NRs, coincide

within 1 eV PE range, suggesting that both have similar regular

tetrahedral environment of anions for Zn atoms. The results

also suggested about the distorted tetrahedral arrangement in

the CoeZnO system, where the metallic species Co (II) and Zn

are at the centre of the tetrahedra and anions (O2�) are situ-

ated at the four apexes of the tetrahedra. NEXAFS features of

the all examined systems were refined by keeping typical k3-

weightage in the range of 3.5e12 �A�1 and using software FEFF

(V-7) (Fig. S2a and b) [47]. Respective refined parameters (least-

squares refined R-factor, mean first-shell metaleoxygen bond

length, coordination number, and Debye-Waller factor) are

extracted for ZnO (3.8wt%, 1.99(8)�A, 5.10 and 0.96 � 10�2 �A2),

CoeZnO (4.10wt%, 2.01(4)�A, 5.40 and 0.82 � 10�2 �A2) and CdS/

CoeZnO (4.20wt%, 1.95(7)�A, 5.80 and 0.86 � 10�2 �A2).

Photocatalytic hydrogen production

The catalyst (0.3 g) was suspended in 140 mL of aqueous

electrolyte of 0.35MNa2S and 0.25MK2SO3 in a doublewalled-

Pyrex glass reaction cell (volume ~220 mL, with water jacket)

that was sealed with a rubber septum. To expel the air-

content from the solution, the sample was purged with Ar

for 1 h prior to start the photochemical reaction. Ar gas flows

continuously in inner jacket, tomaintain 1 atm pressure of the

solution. Temperature of the outer jacket was set at 25 �C. The
suspension was irradiated with a 300 W Xe lamp (>420 nm,

light intensity 1 � 1022 photons per hour Xe lamp-HX1, Model

PE300UV, Perkin Elmer). All the experiments are carried out

under ambient conditions. Photocatalytic responses were

hourly monitored in terms of the amount of hydrogen

generated at 1e7 h time intervals, using gas chromatograph

(Shimazdu, Japan, thermal conductivity detector and molec-

ular sieve with 5 A columns) throughout the course of the

reaction. Photocatalytic cleavage of water was carried out

in presence of the hole-scavenger electrolyte

(0.25 M K2SO3 þ 0.35 M Na2S) solution of 13 pH, under the

irradiation of 1 Sun (100 mW/cm2, AM1.5 G) visible light.

Rough and hexagonal crystalline surface of the CdS/CoeZnO,

loaded with co-catalyst (Pt) to facilitate the active sites for the

oxidation (photohole rich) and reduction (photoelectron rich)

of water. These active sites suppress the recombination of the

photoelectric current carriers i.e. photoelectrons and photo-

holes. Hole-scavenger electrolyte was used to avoid the

photooxidation of CdS nanoparticles present in the nano-

molecular device by irreversible consumption of photo-

generated holes that prohibited the oxidation of water [48].

Corresponding amount of H2 evolved without any noticeable

degradation of the photocatalytic devices, such as 1.5% Pt/

ZnO, 1.5% Pt/CoeZnO, 1.5% Pt/CdS/ZnO and 1.5% Pt/CdS/

CoeZnO, was recorded as 10.2, 22.56, 50.57 and 67.20 mmol/

H2 g, respectively (Fig. 6a). Quantitative rise in the rate of H2

evolved, was noticed after each step of the advancement on

ZnO NRs, which follows a quadratic relation y ¼ 1.022(03)

x2 þ 14.734(15) x � 6.900(16) and satisfy 3/2 order kinetics for

advancement paradigm of nanomolecular device (Fig. 6b).

Apparent quantum yield (AQY) was estimated for the tested

device using Equation (4) with the assumption that all of the

incident photons are absorbed during the photochemical re-

actions [49].
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Fig. 6 e (a) Comparative rate of H2 evolution by photocatalytic cleavage of water using molecular devices of 1.5% Pt/ZnO NRs,
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illumination, recorded at zero bias voltage at 25 �C temperature in the applied potential range ¡1.0 to þ1.5 V (vs Ag/AgCl

electrode). Exposure area of the sample ~1 cm2.

Fig. 7 e Electron transfer mechanism for the photocatalytic

water splitting using the nanomolecular device i.e. 1.5% Pt/

CdS/CoeZnO NRs.
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AQY ð%Þ ¼ ��
Number of H2 molecules evolved� 2

�� 100
�

�½Number of incident photons� (4)

where, the number of incident photons was 4.48 � 1024

photon h�1, measured using a Si photodiode, at 420 nm

wavelength. Correspondingwater splitting ability of thedevice

was estimated in terms of AQY at 420 nm. Thesewere found to

be 0.30, 0.66, 1.49 and 1.98%, respectively for abovementioned

systems (1.5% Pt/ZnO, 1.5% Pt/CoeZnO, 1.5% Pt/CdS/ZnO and

1.5% Pt/CdS/CoeZnO). Reproducibility of these systems

against their photocatalyticwater splitting abilitywas checked

thrice by using the same photocatalytic material (suspended

particles in aqueous electrolyte) after their five times washing

with the pure de-ionized water and drying at 100 �C for 1 h.

Electrochemical analyzer (Auto lab potentiostat model

PGSTAT30) in the midst of software GPES (general purpose

electrochemical study) manager, was used to monitor the

photovoltaic responses of the test samples. Power density of

the light source was controlled at 100 mWcm�2 (AM1.5 G),

using thermopile (Gentec (ε) Solo-2, Model-UP12E105-H5) at

the beginning and checked at end of the each PEC run. Pyrex

glass photoelectrochemical (PEC) cell with water jacket was

well equipped with a small quartz window and conventional

three electrode-system, comprising of a saturated calomel

electrode (SCE) as reference electrode, a Pt flag as counter

electrode and uniform film of the sample loaded on fluorine-

doped tin oxide (FTO) substrate (using doctor blade method)

as theworking electrode (WE). Awide potential windowwith a

width of 1.5 V (�0.9 to þ 0.6 V) recorded during photovoltaic

study of 1.5% Pt/CdS/CoeZnO NRs device, was attributed to

good electron exchange quality of the system (Fig. 6c) [50].

Significantly, no saturation in photocurrent was observed at

applied positive potentials, which indicates efficient charge

separation upon light illumination that is responsible for

higher hydrogen evolution amount [51].

On the basis of this study and other supportive analytical

evidences [7,52], the most plausible overall photocatalytic

water splitting mechanism for the nanodevice (1.5% Pt/CdS/

CoeZnO NRs) in presence of hole sacrificial electrolyte under

visible light exposure, is suggested and illustrated by Fig. 7.
Please cite this article in press as: Chouhan N, et al., Visible light h
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During electron transfer, when the surface of the device was

illuminated with light, an electron was excited from VB to CB,

which generates a pair of photohole and photoelectron in

corresponding VB and CB of CoeZnO. Nascent photoelectrons

of CB (CoeZnO) are transported to the CB of quantum confined

nano-sized sensitizer (CdS). This electron arrived at the

junction of Pt/electrolyte interface by passing through the

electron-pool of the metallic Pt. At the interface, photoelec-

trons interacts with Hþ ions [53] of the solution and liberates

nascent H that combined with another nascent H atom to

generate H2 gas. Hole accumulated at VB of CoeZnO and CdS,

were consumed by hole-scavenger electrolyte. Major chemical

reactions [54], responsible for hydrogen evolution by photo-

catalytic cleavage of the water, are given by the Equations

(5e8).

On photo� exposure : CdS=Co� ZnOþ hv/e�ðCdS=Co� ZnOÞ
þ hþðCdS=Co� ZnOÞ

(5)

Cathode : 2HOþ 2e�/2OH� þH2 (6)

Anode : SO2�
3 þ S2� þ 2OH� þ 1:5H2Oþ 6hþ/1:5S2O

2�
3 þ SO2�

4

þ 4Hþ

(7)
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Overall Redox Reaction : S2� þ SO2�
3 þ 5H2O!hn5H2 þ 2SO2�

4 (8)

Conclusion

In short, this study gives us an inside view of the surfactant

(CTAB)-controlled low cost fabrication of the ZnO NRs via

reverse-micelles synthesis. Current work is focused on the

performance of the nanomolecular photoelectrode of ZnO

NRs by gradual surface modification for hydrogen production

efficiency. A good correlation between atomic arrangement

around Zn atom and light harvesting capacity of the modified

ZnO NRs has been established. Defects developed on CoeZnO

NR's surface, may act as recombination centres for the pho-

tocarriers. These defectswere suppressed by the decoration of

flat-end CoeZnO NRs with visible light sensitizer CdS. Heter-

ocouple CdS/CoeZnO NRs, show a good compatibility of

nanoparticles of CdS with CoeZnO NRs. Whole molecular

assembly was utilised as a photoelectrode after Pt-loading for

hydrogen generation via water splitting. Gradual increase in

the photocatalytic activity of the device was recorded with

modification, such as 1.5% Pt/ZnO (10.20 mmol/hg,

AQY¼ 0.30%), 1.5% Pt/CoeZnO (22.56 mmol/hg, AQY¼ 0.66%),

1.5% Pt/CdS/ZnO (50.57 mmol/hg, AQY ¼ 1.49%) and 1.5% Pt/

CdS/CoeZnO NRs (67.20 mmol/hg, AQY ¼ 1.98%), which can

execute a job of water splitting better than pristine samples.

Time dependent hydrothermal synthesis CdS/CoeZnO NRs is

in progress to explore the relationship between their photo-

catalytic hydrogen generation efficiency and atomic

arrangement.
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ABSTRACT 

In this research work, we have synthesized an effective water filtration system based on the photocatalytic 

performance of semiconducting dense nanoparticles under natural sunlight.  The present study, focus on the 

photocatalytic activity of nanostructures semiconductor like zinc oxide (ZnO) was prepared by sol-gel methods 

on the degradation of organic dye such as methylene blue that was investigated. Synthesized ZnO nanoparticles 

are characterized and study of morphology structure and stability of the synthesized ZnO nanoparticles were 

studied using scanning electron microscope (FESEM), UV-spectro photometer and Fourier Transform Infrared 

(FTIR) spectroscopy. The results depicted that the synthesized nanoparticles are moderately stable, roughly 

spherical with maximum particles in size range within 40-50 nm in diameter. 

 

Key Words: Organic pollutant FTIR, XRD, FESEM etc. 

 
I INTRODUCTION 

Environmental contaminants similar to dyes, pesticides and heavy metals in water require remediation and 

probable removal to make the water it for human consumption. A lot of research is established to purify water 

from its contaminants, a most important portion of which are organic in nature. Further, the photocatalytic 

degradation of organic pollutants from water using semiconducting materials has attracted a lot of attention. 

Such semiconductors are increasingly used for oxidation or degradation of organic dyes and other contaminants 

particularly in industrial wastewater. The basic mechanism for this remediation is primarily based on the oxygen 

defects on the surface of the semiconducting materials which when activated by photon irradiation are used to 

destroy the organic contaminants. The various advantages that the process has are (a) the photocatalytic reaction 

is not specific to compounds and, therefore, is capable of destroying a spectrum of organic chemicals like 

hydrocarbon fuels, halogenated solvents, surfactants, pesticides and many hazardous organic chemicals,
[1,2]

 (b) 

this process is very effective mostly owing to the process of its removal, oven achieving a complete degradation, 

(c) the process is very resistant to toxicity etc., (d) the process can be applied equally well to liquid (e.g. 

wastewater and contaminated groundwater) and gaseous streams (e.g. VOC emission), and finally (e) there is a 

potential to utilize solar energy as reported in this particular work.
[3–5]

 Most photo degradation is still 

accomplished by exposure to UV radiation although UV sources consume considerable amount of energy.  
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In the past two decades, zinc oxide has paying much attention with respect to the degradation of different 

pollutants due to its high stability, photosensitivity and wide band gap. Most researchers have earlier used ZnO 

in a nano-powder form dispersed in industrial water for the photo-degradation of organic pollutants. Further, it 

has been reported that ZnO has a higher photocatalytic efficiency compared to TiO2 in the degradation of 

several organic contaminants in both acidic and basic media, which has attracted researchers to explore the 

properties of zinc oxide in many photocatalytic reactions.
[6-8] 

Zinc oxide is consideration to be as a low cost 

alternative photocatalyst to TiO2 for degradation of organics in aqueous solutions. The dispersion and surface 

area of zinc oxide, which depend on the synthesis method, are significant factors for determining its 

photocatalytic activity for pollutant degradation. Zinc oxide NPs can be synthesis by various type of methods, 

such as, alkali precipitation, hydrothermal synthesis, thermal decomposition, spray pyrolysis and microwave 

irradiation, organo-zinc hydrolysis, plasma heat-decomposing, etc. Composites of zinc oxide and silica 

nanoparticle could be created through coprecipitation route; in this case, the zinc oxide could be covered on the 

silica nanoparticle surface[9].Photocatalyst is besides called photochemical catalyst and the function is parallel 

to the chlorophyll in the photosynthesis. In a photocatalytic scheme, photo-induced molecular transformation or 

reaction takes place at the surface of catalyst. A basic photocatalytic reaction on the generation of electron–hole 

pair and its destination is as follows: when a photocatalyst is illuminated by the light stronger than its band gap 

energy, electron–hole pairs diffuse out to the surface of photocatalyst and participates in the chemical reaction 

with electron donor and acceptor. Those free electrons and holes transform the neighboring oxygen or water 

molecules into OH free radicals with super strong oxidization. It can oxygenolyse various kinds of organic 

compounds and some parts of minerals. It may also deoxidize harmful substances like formaldehyde, benzene 

and ammonia into CO2 and water free of toxic, harm, and odor. Therefore, photocatalyst may kill viruses, 

germs, pollen, epiphytes and the like and may decompose formaldehyde, benzenes, ammonia, and other harmful 

gases, and it will not bring secondary environmental pollution [10]. The degradation of the pollutants catalyzed 

by ZnO has been studied broadly. ZnO is known of the important photocatalysts because of its unique 

advantages, high photocatalytic activity, such as its low price and nontoxicity etc.
[11, 12] 

 

 

II MATERIALS AND METHODS 

2.1 Materials 

Zinc nitrate and citric acid were purchased from Sigma- Aldrich and were all used without further purification 

and Double distilled water was used as the solvent during this process.  

 

2.2 Synthesis of Zinc Oxide Nanoparticles  

ZnO NPs were prepared by the sol-gel method. Firstly from Sigma- Aldrich of zinc nitrate and citric acid were 

selected as original materials without any purification. 0.5837 g citric acid and 0.826 g zinc nitrate were 

dissolved into DIW water. In which citric acid acted as both stabilizer and mineralizer. After stirring for 1h, the 

mixture solution aged in the next 14 h at near room temperature. Then the mixture solution was evaporated and 

concentrated until changing to wet-gel at 90℃ water-bath. Then the wet-gel was put into drying oven at 120℃ 
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for 6h, and then the formed mixture was calcined at 500℃ for 3h, and the ZnO nanospheres material was 

achieved for further characterization.   

 

2.3 Optical Properties 

UV-Visible spectroscopy (UV-Vis) refers to absorption spectroscopy in the UV-Visible spectral region. That 

means it uses beam in the visible and adjacent (near-UV and near-infrared (NIR)) ranges. . In this time uv-vis 

absorption spectra was takened using a (LABINDIA Uv- Visible 3000+) spectrophotometer where the cuvette 

path length was set to 1.0 cm. The particles were dissolved in DIW water, and solution was placed in a quarts 

cuvettes. The absorption in the visible range openly affects the perceived colour of the chemicals involved. In 

this region of the electromagnetic spectrum generate by the electronic transitions.  

 

2.4. Powder X-Ray Diffraction 

XRD patterns of the powdered samples were obtained on a Phillips X’Pert materials research diffractometer 

using secondary monochromated Cu Kα radiation (λ = 1.54060 A°) at 40 Kv/50mA. Samples were supported on 

a glass slide. Measurements were taken using a glancing angle of incidence detector at an angle of 2 for 2θ 

values over 10–70 in steps of 0.05 with a scan speed of 0.012.  

 

2.5. FESEM analysis 

The FESEM image was taken with very high resolution and MATLAB analysis gives the pixel depth of the 

image equal to 24bits and the image format as JPEG. The FESEM Images have been taken from MNIT Jaipur, 

Rajasthan, India.  

 

2.6. Fourier Transform Infrared (FTIR) Spectroscopy 

 FTIR analysis range 4000 to 400 cm-1 using Bruker -Tensor Spectrum in the diffuse reflectance mode at a 

resolution of 4cm−1
 in KBr pellets. The powder sample was placed on a sample holder and the spectrum was 

recorded. 

 
III RESULTS AND DISCUSSION 

 
3.1 UV-Visible Analysis 

 UV-Visible absorption spectroscopy is widely used technique to examine the optical properties of nano sized 

particles. The prepared zinc oxide white crystalline powder was not soluble in water and almost in all organic 

solvents. ZnO nano particles UV-Visible spectra recorded by dispersed in methanol solution and sonicated for 5 

to 10 min. Fig. 4 shows the absorption spectroscopy of the ZnO nanoparticles in the UV-spectral region. ZnO 

exhibits a sharp band at 354 nm, which corresponds to the formation of ZnO nanoparticles. 
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                          Fig.1. UV-Vis. spectra of ZnO NPs synthesized by sol-gel method 

 

 

3.2 XRD Analysis  
 

The crystal structures of the synthesized samples were determined by powder X-ray diffraction (XRD) using a 

copper Kα radiation source at 40 kV and 200 mA in steps of 0.02. Data were recorded ranging from 10° to 70°. 

Fig. 2 showed the XRD patterns of as-synthesized samples obtained by sol-gel method whose reflection peaks 

can be readily indexed with the wurtzite ZnO (JCPDS No. 79-2205). Prepared ZnO nanospheres were obtained 

by the sol-gel method, the crystal structure of ZnO was shown in Fig. 3, which belonged to the wurtzite 

structure. It can be seen that lattice parameters were a=0.3249 nm and c=0.5206 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                  

 

Fig.2. XRD spectra of ZnO synthesized by: sol-gel method   Fig.3. Crystal structure of ZnO 
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3.3 Morphology Analysis:  
 

SEM images of the products were shown in Fig. 4. ZnO NPs was prepared by sol-gel method calcined at 500℃ 

for 3 hours and pH was 8. SEM image showed relatively more uniform ZnO NPs prepared by sol-gel method 

look like nanospheres, with diameter range 10-50nm. 

 

 

 

 

 

 

 

 

 

 

 

 
  Fig.4. SEM image of ZnO NPs produced by the Sol-gel method 

 
3.4 FTIR Analysis 

 
FT-IR spectrum of ZnO nanoparticles (Fig. 5) showed significant absorption peaks at 573 and 1577, 3372cm

-1
. 

The absorption band at 573 cm-1
 due to Zn-O stretching vibration mode. The weak band near 1577 cm- 1

 is 

assigned to H-O-H bending vibration mode were presented due to the adsorption of moisture, when FTIR 

sample disks were ready in an open air atmosphere. These explanations provided the evidence for the presence 

of hydration in the structure and intense broad band near 3372 cm-1
 represents the hydrogen bonded O-H 

stretching vibration mode. 

 
 

 

Fig.5 FTIR spectra of synthesized ZnO NPs 
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3.6 Photocatalytic activity of ZnO NPs 
 

Photocatalytic activity of ZnONPs was investigated by measuring the photocatalytic degradation of methylene 

blue in water under the illumination of UV light. The ZnO nanoparticles of 50 nm in common particle size were 

chosen for the evaluation of photocatalytic activity. As shown in Fig. 6, it was found that the ZnO nanoparticles 

were effective on the degradation of the methylene blue. Higher photocatalytic activity of the ZnO nanoparticles 

is considered due to the higher surface area of the ZnO nanoparticles. At higher surface area, larger contact area 

between photocatalyst and target material can be obtained. It also meant that higher degree of UV light 

absorption could occur at the smaller particle size in the test solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6. Effect of catalyst loading on the photodegradation of methylene blue using ZnO 

nanoparticles.  

 

lV. CONCLUSION 
In this present study, ZnO NPs have been successfully synthesized using Zinc nitrate and citric acid solution as 

precursors via sol-gel approach. By carefully controlling the process window, various morphologies of ZnO 

particles such as disk like and spherical NPs could be produced. The crystallite size calculated from the XRD is 

50 nm. FT-IR results confirm that the presence of Zn-O at 573cm-1
 as well as UV-visible Spectroscopy the 

absorption spectrum was 374 nm absorbed. The photo degradation of methylene blue using ZnO spherical 

nanoparticles process was investigated. In which catalysts may further enhance the photocatalytic activity due to 

its high surface to volume ration which will facilitate the better adsorption of dyes. 
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Abstract
We had successfully prepared the microwave assisted lotus shaped Ag@AgCl/ZnO nanocomposite (NC) of size 57.72 nm, 
in aqueous media at 90 °C for 7 min heating. The conventional single pot refluxing method was also used to prepare NCs 
with spherical shaped nanoparticles of size 59.12 nm at 90 °C heating for 3 h. X-ray diffraction data of the Ag@AgCl/ZnO 
NCs synthesized by the both methods, confirmed that the nanocomposite crystallized in three phases i.e. face-centered 
cubic (AgCl), cubic (nanosilver) and wurtzite hexagonal phase (ZnO). Energy dispersive X-rays corresponding to the 
electron microscopy analysis with their elemental mapping, envisioned the surface morphology and elemental compo-
sition i.e., 19% ZnO, 13.79% AgCl, 8.08% Zn and 26.19% Ag in the NC. The Ag@AgCl/ZnO NCs exhibited the visible light 
harvesting ability with band gap i.e. 3.02 and 2.96 eV with SURS selfsensitization of AgCl. Conventionally made sample 
and microwave assisted sample emits green and yellow-photoluminescence emissions, respectively. FTIR spectra at dif-
ferent stages of the formation of the nanocomposites, visualized the gradual changes in bonding positions of NCs. We 
utilized this molecular system as an efficient visible-light harvesting optical devices for water splitting. Conventionally 
and microwave assisted Ag@AgCl/ZnO samples, librated 6082.9 and 6782.32 μmol H2 h−1 g−1, optimum hydrogen in 8 h, 
respectively, through photocatalytic water splitting under AM 1.5G irradiation.
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1  Introduction

World had eventually witnessed the ecosystem degrada-
tion and political hostility on energy lines, which is a mat-
ter of prime global concern. Therefore, we all are looking 
forward to the clean energy sources that can be replaced 
with the present conventional energy sources (as a fuel 
or energy carrier) and save environment. Hydrogen rated 
as the best option on its fuel merits i.e. high energy den-
sity (142 kJ/kg), high heating value (52,000 Btu/lb), high 
auto ignition temperature (585 °C), high fuel efficiency 
(75%) and widest range of flammability (4–75%), etc. In 
contrast to the current hydrogen generation practices 
(steam reforming of methane), the use of solar energy 
and carbon-less fuel i.e. water along with a suitable pho-
tocatalyst, is an eco-benign way of hydrogen produc-
tion. A wide variety of photocatalytic materials (oxides, 
sulfides, nitrides, nanocomposites, etc.) are tested for 
hydrogen generation via water spitting. Unfortunately, 
most of them failed on the criteria of stability (in water 
and light), cost and efficiency (> 10%), simultaneously. Out 
of these classes nanocomposite is the least studied class. 
Therefore, we had choosen to work on nanocomposites. 
Few of the prominently studied nanocomposite systems 
are: modified graphenes [1–5], CdS/Au/g-C3N4 [6], CuS/
TiO2 [7], NiOx (Ni/NiO)@ calcium tantalite [8], Ag/AgCl@
ZnO [9–13], etc. Recently, silver halides based plasmonic 
nanoparticles (NPs) have been attracted the attention as a 
superb class of nanocomposites (NCs) that used for visible-
light-harvesting device [9–13]. Although, due to instability 
under sunlight [14], silver halides AgX were seldom used 
as photocatalysts. However, Kakuta et al. [15] studied the 
Ag0 supported AgBr dispersed on a silica that used for 
continuous H2 production (1.00 mmol h−1 g−1 after 2 h) 
in 20% aqueous CH3OH (as hole scavenger). They had 
observed that Ag NPs deposited on AgBr, supported by 
silica are not destroyed under successive UV/Vis illumina-
tion till 200 h, thus assembly Ag/AgBr on silica, was able 
to act as a stable photocatalyst under visible light, and 
inspired to synthesized the first visible-light plasmonic 
photocatalyst Ag@AgCl. Moreover, Schürch et  al. [16] 
proved that the AgCl deposited on a conducting support 
(Au coated FTO) was used to photocatalyse the water for 
O2 production (160 nmol h−1) in the presence of silver ions 
(as electron scavenger), under UV/Vis light exposure. Simi-
larly, 3D-hierarchical superstructures, concave cubes, and 
cubes of AgCl, were used as photocatalyst for O2 genera-
tion via water splitting with their activity are 254 mmol g−1 

for hierarchical superstructures, 187 mmol g−1 of concave 
cubic AgCl and 136 mmol g−1 of cubic AgCl in 5 h [17]. The 
photoactivity of AgCl in presence of Ag+ ions, extended 
from the UV to the visible light region under the process 
known as self-sensitization, [18, 19] which is due to the 
formation of silver species during the photoreaction, as 
follows (Eqs. 1–7):

Equations (1) to (7), had been experimentally and theo-
retically analyzed [18, 19]. The comparison of experimen-
tal and calculated values for the ionization energy for dif-
ferent sized Ag clusters shows that Ag levels are located 
below the conduction band edge of AgCl. Additional AgCl 
surface states (SURS), as well as metal induced gap states 
(MIGS) from Ag/AgCl cluster composites are also present 
in the band gap region of silver chloride that induced the 
self-sensitization in AgCl [20–23]. Therefore, Ag/AgX on 
variety of support can be used as good photocatalytic 
system (Table 1). 

Some of the notable nanocomposite plasmonic materi-
als are Ag@AgBr [24], Au/TiO2 [25], gold/layered double 
hydroxides [26], Ag/AgCl/ZnO [27], Ag embedded TiO2 
[28], Au/ZnO NRs [29], graphene oxide (GO) enwrapped 
Ag/AgX (X = Cl, Br) [30], Ag/AgBr@TiO2 [31], Ag/AgCl@
H2WO4·3H2O [32], AgBr/WO3 [33], and Ag/ZnO nanorods 
(NRs) [34], which can act as a good plasmonic nanocom-
posites, as shown in Table 1. Most of the above molecular 
devices had been used to degraded dye/organic pollutants 
(methylene blue, methyl orange, VOCs, ethanol/methanol) 
and only few of the composite plasmonics, were used to 
produce hydrogen such as gold/layered double hydrox-
ides (127 μmol h−1 for Au/ZnAlCeLDH and 94 μmol h−1 of 
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H2 for Au/ZnAlLDH) [26], Ag/ZnONRs (8.7 μmol h−1 of H2 by 
Ag/ZnO and 4.3 μmol h−1 of H2 by ZnO) [34]. In this direc-
tion, several advance synthesis methods such as: ultrasonic 
assisted deposition–precipitation method [35], ployol 
process [36, 37], reconstruction process [38], single pot 
refluxing [27], ionic liquids-assisted hydrothermal method 
[39], etc., had been used to prepare NCs. Microwave (MW) 
assisted synthesis is one of the eco-friendly method for 
molecular assemblies fabrication, where MW-heating pro-
vided faster and uniform heating profile than the conven-
tional thermal heating. Therefore, MW assisted-synthesis 
leads not only homogenous nucleation but also accelerate 
the reaction rate, improve yield, shorten the reaction time, 
produce small sized particle of high purity with narrow 
particle size distribution, and improve physicochemical 

properties [40]. Some notable materials such as  SnO2 
[41], ZnO [42], Ag [43], Pt [44], CuS [45], etc., were fabri-
cated using MW assisted synthesis. But the record was not 
found for MW assisted synthesis of the Ag@AgCl/ZnO NC. 
Therefore, we employed the MW assisted synthesis first 
time for NCs preparation that consist of plasmonic silver 
NPs embedded in ZnO and AgCl matrix, which was used 
for water splitting to generate hydrogen. Conventional 
one pot refluxing method was also used to synthesize 
the Ag@AgCl/ZnO NC [27] in aqueous medium. Under 
the sunlight exposure, ZnO and AgCl generates photo-
electrons and -holes and AgCl (with expanded CB energy 
levels) plays an important role of polar carrier for electron-
transport from plasmonic material (Ag NPs) to ZnO and 
whole assembly become capable to harvest visible light, 

Table 1   Some state-of-art plasmonic catalyst supported systems for hydrogen generation

Sl. no. Plasmonic material 
supported photo-
catalyst

Light source Conditions for H2 
generation

Amount of H2 
generation 
μ mol H2 h−1 g−1

Amount of O2 
generation 
μ mol O2 h−1 g−1

Year Research group 
[Reference No.]

1 Ag0 supported-AgBr 
dispersed on silica-
dioxide support

100 W high-pressure 
Hg lamp-with IR 
filter

20% CH3OH (hole 
scavenger) in H2O

1000 after 2 h – 1999 Kakuta et al. [15]

2 Ag@AgCl deposited 
on Au coated FTO

UV–Vis light exposure In presence of Ag+ 
ions

– 0.160 mol h−1 2002 SchKrch et al. [16]

3. 3D hierarchical super-
structures, concave 
cubes, and cubes of 
AgCl

300 W Xe arc lamp In presence of Ag+ 
ions

– 254,000, 
187,000 and 
136,000 in 5 h

2012 Lou et al. [17]

4. Au/ZnAlCeLDH and 
Au/ZnAlLDH

Solar light exposure 20% methanol 127 and 94 – 2013 Carja et al. [26]

5. Ag/ZnONRs and 
ZnONRs

Xe light source 20% methanol 8.7 and 4.3 – 2013 Chen et al. [34]

6 Ag/AgCl/ZnO Xe light source 20% methanol 6082.9 (one pot) 
and 6782.32 
(microwave)

– 2019 Present work

Scheme 1   a Schematic representation of the overall water splitting phenomenon using Ag NPs embedded AgCl-ZnO NCs and b compara-
tive energy level diagram of nanocomposite device Ag@AgCl/ZnO with their respective band positions [20–22]
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as it schematically illustrated by the Scheme 1a and Energy 
diagram 1b. Therefore, we can say the nanocomposite Ag@
ZnO/AgCl, has the better compatibility for visible light har-
vesting and supression in the recombination rate of photo 
carriers. That will be ultimately enhanced the hydrogen 
generation efficiency of the device. In addition to above, 
to understand the nature of nanocomposite the advanced 
technical approaches were used to address the characteri-
zation of the device.

2 � Experimental design, materials, 
and methods

2.1 � Materials

All chemicals were used as-purchased (of make Sigma 
Aldrich) in synthesis and water splitting application with-
out further purification. These chemicals are: hexahy-
drated-zinc nitrate, sodium chloride, sodium hydroxide, 
and silver nitrate, terepthalic acid, etc.

2.2 � Synthesis

2.2.1 � Conventional method

Ag nanoparticles-supported ZnO/AgCl NCs were fabri-
cated by using one-pot refluxing method as described 
somewhere else [27]. In which, 5.22 g hexahydrated zinc 
nitrate and 2.11 g silver nitrate were mixed in 50 mL of 
deionised water (DIW) and stirred at room temperature 
and followed by the addition of aqueous NaOH (5 M) to 
adjust the pH of the solution 10. Here, NaOH with pH 10 
is act as a reducing agent because the hydroxyl ions of 
NaOH are capable of donating electrons to AgNO3 and 
ZnNO3.6H2O, results in their reduction in Ag and Zn. Dur-
ing the above reaction, NaCl act as a dielectric material 
in production of AgCl and ZnO. Therefore, above mixture 
was treated with 1.450 g NaCl in 20 mL of water. Then, the 
suspension was refluxed at 90 °C for 3 h. Resulting product 
was centrifuged and washed several times with DIW and 
ethanol and dried in an oven at 60 °C for 24 h.

2.2.2 � Microwave method

Microwave synthesizer (CEM, model-Discover) was 
opted to prepare the AgNPs embedded ZnO/AgCl NCs 
with 0.383 mol fraction of silver chloride with respect 
to ZnO. A sundry of 5.220 g Zn(NO3)2.4H2O and 2.110 g 
AgNO3, were made in 50 mL of deionised water (DIW) 
and stirred at room temperature. Thereafter the aque-
ous NaOH (5 M) was added in the solution to adjust the 

pH of the solution 10. Above solution was treated with 
1.450 g NaCl in 20 mL of water. Then, the suspension was 
heated in microwave at 90 °C for 7 min. Resulted product 
was centrifuged and washed several times with DIW and 
ethanol and dried in an oven at 60 °C for 24 h.

2.3 � Characterization

Several techniques were used to characterize the nano-
composite Ag@AgCl/ZnO using technical tools such 
as: UV–Vis absorption spectroscopy, FE-SEM, energy 
dispersive X-rays (EDX), spectroflurometery, X-ray dif-
fraction (XRD), and FT-IR, etc. The crystalline nature of 
nanocomposite was characterized by XRD, using dif-
fractometer (PANalytical; Model: Xpert-Pro) of MNIT, 
Jaipur, well equipped with Ni-Kβ filter for CuKα1 radia-
tion at 40 kV voltage and 30 mA current. Morphology of 
the sample was evaluated by using FESEM (JEOL; Model: 
JSM-6700F). The UV–Vis spectra were recorded with mul-
timode microplate reader (Lab India; Model: 3000+ with 
Diffuse Reflectance Spectroscopy) in the wavelength 
range between 200 and 800 nm. An FT-IR spectrum was 
recorded using spectrophotometer (Bruker; Model: Ten-
sor 27) available in our institute. Furthermore, photolu-
minescence emission (PLE) spectrum of the Ag@AgCl/
ZnO nanocomposite material was recorded by using 
spectrofluorimeter (Simandzu; Model: RF-5301) of our 
department.

2.4 � Analysis of hydroxyl radical (·OH) 
in photocatalytic solution

The hydroxyl radicals (*OH) formed during the photo-illu-
mination of the samples/water interface, can be traced by 
the use of basic terephthalic acid (as a probe molecule) 
solution in the photoluminescence (PL) method using 
double beam spectrofluorimeter [23]. In this method, 
the hydroxylation of the terephthalic acid was taken 
place when it reacted with *OH radical that resulted in 
the product 2-hydroxyterephtalic acid (HTA) formation at 
the water/catalyst interface, which was exhibited by the 
PLE signal around 428 nm at the excitation wavelength 
of 315 nm. The intensity of the PLE peak of 2-hydroxytere-
phtalic acid is directly proportional to the amount of *OH 
radicals produced in the water. Under the experimental 
procedure 0.3 g of the sample was added to 110 mL of 
5 × 10−4 M terephthalic acid (pH = 10) that was prepared in 
aqueous 2 × 10−3 M NaOH [23]. Afterwards the solution was 
exposed to the 300 W Xe light source, by keeping the other 
experimental conditions same as used in measurement of 
photocatalytic water splitting activity. Spectrofluorimeter 
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(Simandzu; Model: RF-5301) of our institute was used to 
measure the PLE spectrum of the above mentioned solu-
tion at room temperature at different time interval.

2.5 � Water splitting analysis

Photocatalytic H2 evolution power testing of the as syn-
thesised nanocomposite was carried out in a 20% metha-
nolic (hole-scavenger) solution of Ag@AgCl/ZnO samples 
at RT. Where, 0.30 g of the Ag@AgCl/ZnO in an aqueous 
methanolic solution (160 mL H2O and 40 mL CH3OH) was 
suspended in a double walled reaction cell of Pyrex glass, 
equipped with a quartz window. Reaction cell was con-
nected to a closed gas circulation (Argon) of 1 atmosphere 
pressure to evacuate the solution several times up to the 
complete removal of the air from the reaction vessel and 
then system was irradiated by a light source (300 W Xe 
lamp) for the photocatalytic observations. The amount 
of H2 evolved during the photocatalytic experiment, was 
monitored using gas chromatography that was equipped 
with a thermal conductivity detector (TCD, GC-8A, China 
gas chromatograph; and Ar as carrier gas).

3 � Result

The phase purity of the Ag@AgCl/ZnO NC was tested 
using XRD profile, depicted in Fig. 1a, b. Diffraction pat-
terns of the studied samples are found at 27.942° (111), 
32.34° (200), 46.34° (220), 54.94° (311), 57.58° (222), 
67.54° (400), 74.76° (331) and 76.82° (420) attributed to 
the highly crystalline two prominent phases that corre-
sponds to the face-centered cubic (chlorargyrite) phase 
(reference JCPDS Card No. 31-1238) of the AgCl with 
their cell parameters [46]: a = b = c = 5.545 Å α = β = γ = 90° 
at z = 4, and space group Fm3m (225) and the FCC (zinc 
blende) crystalline phase (reference JCPDS Card No. 
80-0020; ZnS) of ZnO [47, 48] with their cell parameters: 

a = b = c = 5.345 Å, α = β = γ = 90° at z = 4 and space group 
F4-3m (216). The careful examination of diffraction peaks 
exhibits tiny peaks at 38.56° (111), 46.34° (200), 67.54° 
(220), 76.82° (311) position that belongs to the standard 
JCPDS Card No. 04-0783 of pure silver (cell constants 
a = b=c = 4.0857 Å, α = β=γ = 90° at z = 4 and space group 
Fm3m (225) [46] that also confirmed the presence of the 
small particles of silver and their size was calculated by 
using the Scherrer formula. Figure 1b represented the 
blue shift of enlarged peak of AgCl(420) and Ag(311) at 
76.68° for the nanocomposite Ag@AgCl/ZnO synthesized 
by one pot and microwave methods from their standard 
positions i.e. 77.50° and 77.66°, respectively.

The elemental composition of the nanocomposite 
was confirmed by respective EDX profile and FESEM 
elemental mapping, which is represented by Fig. 2a, d, 
e. No characteristic peaks for the elements other than 
Zn (27.08%; at Kα = 8.63 keV; Lα = 1.012 keV) Ag (39.98%; 
at Lα = 2.984 keV), Cl (13.79%; at Kα = 2.621 keV) and O 
(19% at Kα = 0.525 keV) were found in the EDX profile 
of the Ag@AgCl/ZnO, as illustrated by the Fig. 2a. The 
actual concentration of oxygen can’t be determined pre-
cisely due to the presence of the oxygen in air. As per 
XRD analysis nanocomposite crsytalised in three phases 
i.e. ZnO, AgCl and Ag/Zn. Therefore, EDX suggested that 
nanocomposite consist of 19.15% ZnO, 13.79% AgCl, Ag 
(26.19%) and Zn (7.39%). Surface morphology and par-
ticle size of the nanocomposite was investigated by the 
FESEM images (Fig. 2b, c), as nanolotus shaped particle 
of size 45.08–60.77 nm (aggregation of particles) for the 
microwave synthesized sample and 50.87–79.19  nm 
sized spherical particles for the one plot synthesized 
sample of the nanocomposite Ag@AgCl/ZnO.

Figure 3a demonstrated the UV–Vis diffuse reflectance 
spectra [Kubelka–Munk function F(R) Vs wavelength] 
with peaks at 300.4 nm, 352.0 nm and a very weak and 
broad peak found between 407.9 and 700 nm. Splitting 
in first absorption peak is found due to the presence 

Fig. 1   Diffraction patterns of 
the nanocomposite Ag@AgCl/
ZnO, synthesized by one pot 
and microwave method. a The 
XRD peaks are exactly matched 
to those of the bulk FCC chlo-
rargyrite phase (JCPDS Card 
No. 31-1238) of the AgCl, cubic 
phase of Ag (JCPDS Card No. 
04-0783 of pure silver and FCC 
zinc blende crystalline phase 
(JCPDS Card No. 80-0020; ZnS) 
of ZnO. b Enlarge peaks of 
AgCl (420) and Ag (311) was 
observed at 76.68°
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of the two phases i.e. AgCl and ZnO. These three peaks 
in UV–Vis absorption spectrum was used to investi-
gate band gap of the nanocomposite Ag@AgCl/ZnO at 
300.40 nm (Eg

m = 3.56 eV and Eg
c = 3.62 eV), at 352.00 nm 

(Eg
c = 3.02 eV and Eg

m = 2.96 eV due to additional SURS of 
AgCl) and at 708.86 nm (Eg

m = 1.35 eV and Eg
c = 1.35 eV). 

Where, Eg
m and Eg

c, are band gap for microwave and con-
vention-method, respectively.

Photoluminescence emission (PLE) spectra of Ag@
AgCl/ZnO are revealed by Fig. 3b, c, which were taken 
for the samples prepared by one pot reflux- and micro-
wave assisted-methods, respectively. Figure 3b exhibited 

Fig. 2   Nanocomposite Ag@AgCl/ZnO with their corresponding a 
FESEM supported EDX showing elemental presence of Ag, Zn, O 
and Cl. b and c are FESEM images of nanocomposite, prepared by 

microwave route. FESEM elemental mapping of Ag, Cl, Zn and O 
elements in Ag@AgCl/ZnO for corresponding, d one pot (conven-
tional) and e microwave-assist synthesized nanocomposite
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Fig. 3   a UV–Vis diffuse reflectance spectra of the pre heated sam-
ple along with conventional- and microwave-prepared Ag@AgCl/
ZnO nanocomposites with first excitonic peak around 300.4  nm. 
b PLE spectra with maxima at �em
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= 250 nm of the sample prepared by one pot 
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prepare using microwave method (CIE plot represented in inset 
that exhibit the yellow emission)
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the excitation peak at the wavelength of 250 nm under 
the exposure of emission light of the wavelength 
�
em
max

= 502 nm and green light emission spectra was found 
at 502 nm under the excitation energy of wavelength 
�
ex
max

= 250 nm for one pot refluxed sample. Similarly, the 
strong PLE peak was observed for microwave assisted sam-
ple at 602 nm under the excitation energy of wavelength 
300 nm, as shown by the Fig. 3c.

Figure 4a illustrated the PLE spectra of the convention-
ally prepared sample to check the presence of *OH radical 
as a PLE signal of Soret-band at 428 nm and Q-bands at 
562.8 nm and 632.9 nm at the 315 nm excitation energy, 
under visible light irradiation [23].The PLE signal at 428 nm 
are the result of the reaction between *OH radical and 
terephthalic acid that produces HTA at the water/catalyst 

interface. The concentration of HTA increases with reac-
tion time (0 h, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h) that reflected 
the increase in production of *OH radicals during the reac-
tion (Fig. 4a).

Molecular devices of Ag@AgCl/ZnO NC (prepared via 
one pot conventional and microwave method), produced 
hydrogen in 20% methanolic DIW, under visible light expo-
sure of 300 W Xe light. Amount of the released hydrogen, 
was significantly enhanced with increasing exposure time 
(i.e. 1, 2, 3, 4, 5, 6, 7 and 8 h) viz. 536.71 and 556.8, 1404.41 
and 1621.21, 2207.86 and 2325.37, 2835.26 and 3203.09, 
3554.11and 4053.44, 4359.24 and 4987.66, 5221.07 and 
5761.86, 6082.9 and 6782.32  μmol H2  h−1  g−1, corre-
sponding to the conventional and microwave prepared 
nanocomposite samples under 300 W Xe light irradiation 

Fig. 4   a PLE spectra changes 
(Soret-band) at 428.0 nm 
wavelength with visible-light 
irradiation time for the Ag@
AgCl/ZnO (microwave) nano-
composite powder dispersed 
in alkaline terphallic acid 
solution and b Q-bands of PLE 
spectrum at 562.8 nm and 
6320.9 nm wavelength
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(Fig. 5a–c) at room temperature. Above used samples fur-
ther used for three time to check the reproducibility of the 
samples, that was found good for all studied samples with 
low decrease in photocatalytic activity (Fig. 5b, c).

4 � Discussion

The XRD study confirms that the nanocomposite Ag@
AgCl/ZnO crystallized in their three major phases i.e. 
AgCl, Ag and ZnO. The particle size of these nanocom-
posites, prepared by one pot conventional and micro-
wave synthesis was determined using Scherrer formula 
viz. 57.72  nm, and 59.12  nm, respectively with their 
corresponding lattice strain 0.0022 and 0.0023. Lattice 
strain associated with the dislocations in crystal struc-
ture could either be caused a crystallographic defects or 
irregularity in lattice arrangement due the presence of 
three different phases [49]. These topological defects can 
be highly influenced by the material’s native properties. 
The X-ray diffraction profiles can also be used in deter-
mination of the dislocation density (δ) for the samples 
using following expression given in Eq. (8) [48]:

where dislocation density [� = 3.8019 × 1013 m−2(one pot)

and 3.9100 × 1013 m−2(microwave)] is calculated from 
broadening of diffraction peak i.e. Full width at its half of 
maximum intensity � (in radian), Bragg’s diffraction angle θ 
(in degree), lattice constant a (in nm) and particle size D (in 
nm). Higher strain and delocalization density of the micro-
wave synthesized sample than conventionally prepared 
sample is associated with higher number of active sites on 
the large molecular surface area due to lotus shape of the 
particle. The presence of Zn in Ag lattice is also confirmed 
from blue shift that observed for Ag XRD peaks due to 
addition of low weighted element Zn, as shown in Fig. 1b.

EDX profile corresponds to the Fig. 2a used to confirm 
the presence of 20.65/19.00% ZnO, 12.98/13.79% AgCl, 
4.73/8.08% Zn and 28.01/26.19% Ag in the NCs (one pot 
reflux-/microwave-method %). FESEM elemental map-
ping are shown in Fig. 2d, e, predicted that the nano-
particles Ag/Zn (nanoparticles of size 30–40 nm)-loaded 
AgCl were well dispersed on ZnO surface. Above results 
also revealed that in compare to the six petal-lotus like 
artifacts of the microwaved sample, the conventionally 
prepared samples had more homogeneously dispersed 
elements as illustrated by the Fig. 2d, e.

Intense UV–Vis absorption peak around 300.40 nm 
(Fig. 3a) appeared due to the ligand metal charge trans-
fer (LMCT) π → σ* electron transition (the charge transfer 
of excitons from the VB to CB) in the host material. The 

(8)� =
15�Cos�

4aD

broad and small peak at 352.00 nm comes into view due 
to the d–d transition of Ag NPs, which were deposited on 
AgCl/ZnO surface [50]. Vigilant inspection of the spectra 
speculated a broad and weak plateau between 407.9 and 
700 nm, also attributed to the d–d orbital interactions of 
Ag/Zn nanoparticles. The ability of visible light absorp-
tion for final nanocomposites was drastically enhanced 
due to the surface plasmonic resonance (SPR) effect of 
Ag/Zn NPs that associated with the AgCl surface. This 
combination (Ag@AgCl) prompts the self-sensitization of 
AgCl that result in additional CB levels [21]. Ag levels are 
located just below the conduction band edge of AgCl, 
can develop additional AgCl surface states (SURS), as 
well as metal induced gap states (MIGS) from Ag@ AgCl 
composites that present in the band gap region of silver 
chloride and their presence induce the self-sensitization 
phenomenon in AgCl (Scheme 1b) [20].

The Fermi levels of ZnO/AgCl and Ag NPs are the same 
in absence of the visible light exposure. But under the vis-
ible light irradiation, ZnO and AgCl cannot be excited in 
nanocomposite Ag@ AgCl/ZnO due to its wide band gap 
therefore their Fermi level remains unchanged. In con-
trast, plasmonic Ag NPs absorbs visible light because of 
its SPR absorption, results in the up shift of Fermi level of 
Ag NPs and produces additional SURS at band gap of AgCl 
that facilitate the photoexcited electrons of the AgCl to 
be easily injected into the conduction band of ZnO [51]. 
These injected electrons can reacted with the adsorbed 
O2 on surface to produce the superoxide radical anions 
(O−2*) [52], which is converted into HOO* radicals and 
finally, result in H2O2 on protonation. In alkaline medium 
under light irradiation, H2O2 converted into *OH radicals, 
which can participation in the water splitting. Excitation 
and emission (PLE) spectra of sample produced by one 
pot reflux- and microwave methods, corresponded to the 
Fig. 3b, c, respectively. Inset of Fig. 3c, exhibit the Com-
mission Internationale de l’Eclairage (CIE) plot of the Ag@
AgCl/ZnO (microwave) that confirms the material emits 
yellow light. The change in preparation method result 
in shifting of PLE peak from 502 to 602 nm, attributed 
to the high concentration of the delocalized defects in 
microwave-prepared sample ( δ = 3.9100 × 1013 m−2 ) 
than the conventionally (one pot)—prepared sample 
( δ = 3.8019 × 1013 m−2 ). Moreover, the photolumines-
cence phenomena associated with the degree of deviation 
from the two competing effects i.e. lattice and local coor-
dination effects. The large deviation found for the micro-
wave synthesized sample. Therefore, microwave synthe-
sized samples are more prone to possess more delocalized 
defects. Green emission (Fig. 3b) of conventionally pre-
pared samples are associated with oxygen deficiency due 
to a transition between neutral and singly ionized oxygen 
vacancy [53]. Microwave assisted samples exhibits strong 
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and broad yellow defect emission peak (Fig. 3c) due to the 
surface defects [54], and contributed the yellow emission.

The concentration of *OH radicals on the surface of the 
catalyst measured under visible-light exposure in alkaline 
terephthalic acid solution (initial pH = 10.5) by photolumi-
nescence method [23, 55, 56]. In basic terephalate solu-
tion, the Q-bands further split into two bands owing to 
vibrational excitations due to transition from ground state 
to two vibrational states of the excited state [Q(0,0) and 
Q(1,0)] [32]. These transitions can be visualized in the form 
of Soret band and Q-bands in fluorescence spectra, which 
was the result of the chemical reactions between basic 
terephthalic acid and *OH formed during photocatalytic 
reactions [57]. Figure 4a exhibited the gradual increase in 
PLE intensity at 428 nm wavelength with increasing irra-
diation exposure time, associated with the Soret-band (S0 
to S2 transition) due conversion of terephthalic acid into 
HTA (Eq. 9). The molar absorption coefficient for the Soret-
band is 155–500 M−1 cm−1 [55].

Other PLE peaks found at 562.8  nm and 632.9  nm, 
belongs to the Q-bands (S0 to S1 transition) [55, 56]. Fur-
thermore, experiments show that no PL signals for the 
Ag@AgCl/ZnO NC impregnated basic terephthallic acid 
solution in dark (0 h-PLE curve of Fig. 4a) that result in 
no production of −OH* radicals because pure molecular 
device is activated by visible light (as discussed above). 
The production of −OH* radical not only indicated by the 
decreases in pH of solution from 10.5 to 8.14 with reaction 
time but also from the raise in a absorption maximum for 
PLE peak at 428 nm (Soret-band) with increasing time.

The pure water has inefficient energy to decompose 
all alone but presence of photocatalyst promote this 
decomposition. Therefore, the study focused on hydro-
gen production by photocatalytic water splitting using 
semiconductor NC i.e. Ag/Zn@AgCl/ZnO under light 
exposure. Minimum four electrons required to stimulate 
the multistep-water reduction and oxidation reactions 
of overall water splitting process for H2 and O2 produc-
tion, respectively. The sacrificial molecules (20% metha-
nol in this case) act as an electron donor/hole-acceptor 
to enhance the efficiency of the H2 production by con-
suming the holes and suppress the oxygen production. 

(9)
Terephthalic acid + hydroxyl radical → 2 - hydroxy

Terephthalic acid

Various organic compounds such as alcohols, carboxylic 
acids, and hydrocarbons, etc., can act as an efficient hole-
scavengers (or electron donors) for the photocatalytic H2 
generation. Here, we used methanol as sacrificial electron 
donor that significantly suppress the charge carrier-recom-
bination process, and enhance the hydrogen gas produc-
tion by avoiding a subsequent gaseous product (H2 and 
O2) separation stage. Accumulative all process, leads to 
increase the overall H2 yield. It irreversibly encountered 
the photo-generated holes to enhance the photocatalytic 
electron/hole-separation efficiency and give rise to high 
quantum yields for hydrogen generation [58].

Therefore, photocatalytic water splitting experiments 
was performed for the hydrogen generation from the 
molecular nanocomposite Ag@AgCl/ZnO that well dis-
persed in 20% aqueous methanol scavenger at pH = 7, 
under 1.5  AM G light irradiation as demonstrated by 
Fig. 5a–c. The hydrogen generation from water in presence 
of nanocomposite Ag@AgCl/ZnO might follow the below 
mentioned reaction mechanism, expressed by Eqs. (10) to 
(18) [57, 58]:

Generation of hydrogen

Consumption of h+ using CH3OH

The first two reactions (Eqs. 10 and 11) devoted to 
increase the concentration of photoelectrons on sur-
face of molecular device, for favoring the reduction 
of water in presence of the sunlight and catalyst. The 
reactions (Eqs. 12, 14, 16–18), involve in generation of 
free radicals H*/*OH and the formation of the H2 gas/

(10)
Ag@AgCl

Visible light
− −− −− −− −−−⟶ (CV )e− + (VB)h+

(

photocarriers
(

e−∕h+
)

generation
)

(11)
Ag@AgCl(CV )e− → ZnO(CV )e− (transfer of photoelectron)

(12)
ZnO(CV )e− + H2O → H∗ + OH−

(

generation of free radical H∗
)

[59]

(13)h+ + OH−
→ OH∗ (generation of free radical OH∗)

(14)H∗ + H∗
→ H2(0.00 eV)

(

generation of H2

)

(15)
ZnO or AgCl(VB)h+ + CH3OH → CH2OH

∗ + H+(− 0.1264 eV)[60]

(16)
CH2OH

∗ + OH∗
→ HOCH2OH

∗
→ HCHO + H2O(− 3.848 eV)

(17)
CH2OH

∗ + O → OCH2OH
∗
→ HCHO + OH∗(− 3.18 eV)

(18)
CH2OH

∗ + O → OCH2OH
∗
→ HCOOH + H∗(− 4.125 eV)



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2019) 1:571  | https://doi.org/10.1007/s42452-019-0578-1

HCHO, respectively. These conversion reactions had a 
large negative Gibbs energy, thus it intrinsically pro-
vides a barrier for the undesired reverse consumption 
of the H2. Furthermore, two possible mechanisms are 
proposed for photocatalytic oxidation of methanol: 
(1) the direct oxidation by photogenerated holes and 
(2) the indirect oxidation via interfacial *OH radicals 
[59]. To distinguish the two mechanisms in practice is 
still a challenge due to the lack of suitable probe tech-
niques. In present case, it follows the indirect oxida-
tion via interfacial *OH radicals mechanism that stud-
ied by spectroflurimetry. Therefore, the experiments 
hydroxyl ions converted into hydroxyl radicals under 
the light exposure, which degrade the methanol and 
result in production of HCHO or HCOOH, as shown by 
Eqs. (15)–(18). Finally, the hydrogen produce through 
photocatalytic hassle-free reduction of the water. It 
was found that no detectable amount of hydrogen 
production was observed even after the 72 h exposure 
of water with or without catalyst in dark. The H2 genera-
tion capacity of catalyst was continuously estimated 
for 20% methanol solution in an argon atmosphere via 
gas chromatograph [Agilent, TCD (8A column); model: 
2780]. Close examination of the spectra told us micro-
wave synthesized samples are more active than con-
ventionally prepared sample.

Gradual increase in hydrogen evolution with time 
was observed as: from 536.71 to 6082.9 μmol H2 h−1 g−1 
(conventional) and from 556.8 to 6782.32 μmol H2 h−1 g−1 
(Microwave) under irradiation of 300 W Xe light source. 
These experimentally observed rate of hydrogen evolu-
tion are in good agreement with state of art nanocom-
posite Ag/AgBr/TiO2 that releases 1.00 μmol H2 h−1 g−1 
after 2 h, under the irradiation of 100 W high-pressure Hg 
lamp-with IR filter [61]. Catalytic activity of the nanocom-
posite Ag@AgCl/ZnO was rejuvenated during the photo-
catalysis process, as it expressed by Eqs. (1) to (7) [18, 19]. 
After photocatalytic activity of H2 production-measured, 
the catalyst (pinkish grey) was thoroughly washed with 
distilled water and reused after drying at 80 °C for 12 h. 
It was found that there is no significant lost in catalytic 
activity even after three time use as shown in Fig. 5b, c. 
Above UV–Vis absorption spectra, spectroflurometric and 
photocatalytic study gives us sufficient evidence to the 
electron transfer mechanism of the photocatalytic water 
splitting for the H2 production process, which is well illus-
trated by the Fig. 5d. When the light falls upon the surface 
of the NC Ag@AgCl/ZnO then electron of VB jumped over 
to the CB. Additional CB layers (SURS) of AgCl required 
less energy for electron transfer from VB to CB than pris-
tine AgCl. Moreover, this electronic transformation was 
induced by visible light whether the individual transition 
in AgCl or ZnO, was exposed to light. Finally, the electrons 

transferred to CB of ZnO though SURS of Ag@AgCl. Where, 
this photoelectron reduces the water to liberate H2 and 
holes consumed to generate HCHO or HCOOH by oxida-
tion of CH3OH.

5 � Conclusion

We explored nanocomposite Ag@AgCl/ZnO NC as a smart 
material (fabricated by two ways i.e. Microwave and con-
ventional) that can be utilized as a photocatalyst for 
hydrogen generation through water splitting under vis-
ible light exposure. The molecular device exhibits good 
activity towards photocatalytic hydrogen generation 
among the state of art photocatalyst of the same class. 
Moreover, it was established for the molecular device that 
the photoelectrons generated during the light irradiation 
was used to reduce water for better hydrogen production 
and photo-holes reacted with OH− to form *OH radicals, 
which used as a scavenger to degrade the methanol into 
HCHO or HCOOH. Furthermore, the advancement in the 
molecular device is in progress by replacing halides with 
other anions and other plasmonic materials in nanocom-
posite Ag@AgX/ZnO (X = halide).
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