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ABSTRACT 

Efforts are being made world over not just to minimize wastage of energy, but also pioneer 

new sources. The world faces a race against time to develop a sustainable source of energy 

before we run out of fossil fuels on which we are heavily dependent. Research is being 

carried to efficiently harvest the energy from renewable sources such as the sun, wind, falling 

water, tides, and other physical and chemical means. Hydrogen is another candidate that can 

solve our problems, being extremely useful in running fuel cells, motors and generators. 

Hydrogen can be obtained from a number of ways, one of which is electrolysis. This research 

is aimed at increasing the hydrogen production rate of water via electrolysis by adding 

nanomaterials to the electrolyte, and comparing the resultant rate of hydrogen production to 

that when there are no nanomaterials present. This comparative study helps in ascertaining 

the effectiveness of the nanomaterial involved. Graphene, MWCNT and Indium Tin Oxide 

(ITO) nanoparticles are dispersed in water using gum Arabic as a surfactant, and kept in 

constant motion using a magnetic stir bar. On passage of DC current, hydrogen and oxygen 

are obtained at the two electrodes, where the amounts are recorded and compared. For 

graphene, the maximum increase in HPR was close to 100%, with significant increases in 

each scenario tested. MWCNT performed the best of the three, with a maximum increase in 

HPR of about 170%, and significantly higher HPRs in most cases compared to graphene. The 

addition of ITO had adverse effects, or constricting the rate to almost zero, although higher 

concentrations showed significant increases at lower voltages. Some other factors such as 

acid concentration and temperatures were also studied. Addition of acid increases the 

concentration of ionic activators, causing an increase in the HPR with gradual increases in 

concentration. The same was observed for higher temperatures.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

For years we have been looking for ways to reduce our dependence on fossil fuels. 

Just like money, energy saved is energy earned. We get a number of products in the market 

that claim to use much lesser energy to work, vehicles that consume much lesser fuel, and 

many more that use renewable energy for their function. With the world economy rising 

again, coupled with population congestion and better standards of living, our energy demands 

will significantly rise over the next few years. Already, a number of solutions exist on how 

energy from the sun, wind, tidal, hydroelectric, geothermal and other means of renewable 

energy can be used, yet researchers always look for new ways to meet our energy demands. 

However, most of these renewable energy sources have their own drawbacks. They are either 

not very efficient, lack capacity, are extremely localized, not completely consistent, or a 

combination of more than one of the above. Continuing the quest, researchers have seemed to 

have found a source of energy, which happens to be the lightest element in the periodic table, 

the most abundant element in the universe, and whose reservoir covers about 70% of the 

surface of the planet. That new source of energy is hydrogen, and its source is water.  

Hydrogen in its gaseous form can be used to run a PEM fuel cell, which consumes 

hydrogen as a fuel to produce electricity that runs our devices. There are a number of 

advantages of using fuel cells. One of them is that the end product is water, and no pollutants 

are released into the atmosphere. Moreover, by using a number of fuel cells that power 

almost everything, a synergy can be reached, where energy can be distributed over different 
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applications depending on the demand, thus helping in more efficient energy conservation 

and lesser wastage. 

There are already a number of ways to extract hydrogen, the most common and 

profitable way so far is by reforming and gasification of fossil fuels. These methods seem to 

be the most convenient at this stage, although extracting hydrogen using these techniques is 

said to cause more pollution than using fossil fuels themselves. Hydrogen can also be 

extracted from electrolysis, which works by splitting the water molecule into its constituent 

molecules - hydrogen and oxygen. This process works by passing a DC current through the 

bulk of water via electrodes, by which pure hydrogen can be obtained on one side with 

oxygen on the other side.  

Electrolysis itself has a number of limitations, and efforts are being made in this 

experiment to overcome some of them. One of the biggest stumbling block in obtaining 

higher efficiencies in this process is the effect of the resistances that are present during its 

operation. These resistances are of ohmic, thermodynamic and electrochemical nature, which 

are often difficult to get around. Of these, ohmic resistances make interesting studies and 

exist in the form of electrode resistances, electrolyte resistances, and bubble resistances. In 

this study, attempts are made to lower these resistances in a bid to obtain higher rates of 

production of hydrogen, thus increasing the volume output of the amount of hydrogen 

obtained. To find this out, a quantitative analysis is required. 

The use of nanotechnology in the electrolysis of water can be seen as a major 

advancement in this technology, as we look to increase the rate of the electrolysis reaction. 

There are three different kinds of nanomaterials used, all known for their high electrical 

conductivities. These are graphene, multi-wall carbon nanotubes and indium tin oxide, all of 

which exist as nanoflakes as purchased from their respective vendors. Nanomaterials are 
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known to have enhanced properties as compared to their bulk counterparts, which arise 

mainly due to their high aspect ratios and resulting large number of broken bonds on the 

surface. This will be discussed in more detail as we go through the literature review and the 

procedure of the experiment. These nanomaterials are introduced into the electrolyte by 

dispersing them throughout its bulk, and are dispersed via sonication. DC current is passed 

through the different electrolytes that contain just 1M sulfuric acid, and modified electrodes 

that also contain the said nanomaterials along with its surfactant. 

Hydrogen gas is collected via displacement of water from the burette/measuring 

cylinder, and the rate of its formation can be calculated by dividing this difference in water 

level by the time taken. Each reading is recorded 4 times and averaged. These rates of 

hydrogen produced with the nanomaterial inclusions are then compared to that of the 

electrolyte without any nanomaterial to check its effectiveness. This allows a fair comparison 

of how the rate of hydrogen production can be improved by enhancing the properties of the 

electrolyte. From the comparisons drawn for all the scenarios, it can be concluded that 

MWCNTs enhance the splitting of the water molecules the most, and is followed closely by 

graphene in second place. Strangely, we find that the addition of Indium Tin Oxide has 

adversely affected the rate of hydrogen production, causing it to actually decrease. The 

reasons for this decrease is covered in Chapter 4.  

The last experiments are specific cases in which the effects of the acid concentrations 

and the temperatures are studied. It can be observed and concluded from this data that these 

variables also play a very important part in the rates of hydrogen produced, although these 

effects are more of a secondary type. These can be treated as external conditions that 

influence the experiment. 
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Although hydrogen extraction is done more profitably from fossil fuels, research is 

continuously being carried out in the field of electrolysis for the production of hydrogen. The 

aim is to reduce the operating voltage of the electrolysis unit to be used in conjunction with 

renewable energy sources. While most of the research carried out in the past dealt with 

changing the nature of the electrode or the membrane, dispersing nanomaterials into the 

electrolyte is a bold step in trying to achieve a higher rate of hydrogen production. The 

biggest advantage is that the nanomaterial can be reused over and over again. Combining this 

improvement in the electrolyte with those of the electrode as well as other factors, the 

possibilities of increasing the rate of hydrogen production via electrolysis can be much better.  

1.2 Motivation 

Going by the trend in energy usage, there is plenty of scope for improvement in the 

field of hydrogen production. The mentioned nanomaterials are known to improve electrical 

properties of their respective applications, so it is logical that an attempt be made in this field 

as well. Increasing the rate of hydrogen production using this technology to be used in 

conjunction with other renewable sources of energy would help reduce our dependence on 

fossil fuels in the long run. Establishing this technology on a large scale could completely 

remove our dependence on fossil fuels. 

1.3 Objectives 

This research aims at establishing the following: 

 A comparative analysis for the efficiency of splitting of the water molecule 

between known percentages of nanomaterial inclusions.  

 Calculate increments in the rate of hydrogen production. 

 The best scenarios for optimal hydrogen production. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Introduction 

The Oil Crisis of 1973 was more than just a geopolitical event, perhaps one of the 

most important events in the history of science [1]. Not only did it open our eyes to a world 

without fossil fuels, but gave researchers an opportunity to look for newer sources of energy 

that may never deplete. That is when the race for renewable energy began, for it was then 

hoped that a suitable and sustainable solution would be found before our fossil fuels are 

exhausted. Another factor that accelerated our need for renewable energy were the costs of 

fuels, which were hiked to the amount they stand at now. On the environmental front, fossil 

fuels cause a lot of pollution by their refining and use, and are believed to be one of the main 

instigators of unexpected climate change that a number of regions in the world are facing 

today. 

 

Figure 1: Distribution of energy consumption (1989-1998) [www.wrsc.org] 

As seen in Figure 1 above, the United States, Russia and China are the highest 

consumers, producing 31% of the world's energy, and consuming 41% [2]. Figure 2 shows a 
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pie chart depicting that 85% of the world energy still comes from fossil fuels, while 14% 

comes from hydro and nuclear power [3]. According to the EPA, in the United States, 50% of 

the power generated comes from combustion of coal, 20% power comes from nuclear energy, 

and another 21% comes from oil and natural gas [3-5]. It is interesting to note that there is 

just about 21 years of cheap petroleum, and 12 years of cheap uranium left [6,7]. Sticking to 

numbers, it is believed that we would use the same amount oil in the next 21 years, as we 

have in the last 125 years [6]. This is attributed to rapid growth, mobilization and 

globalization of the economy, coupled with higher spending powers of corporations and 

individuals. Although it is said that we are running out of oil [8], there are still reserves that 

are yet to be discovered, or have been discovered already. The use of fuels is distributed in 

the pie chart shown in Figure 2. 

 

Figure 2: Breakdown of the different energy sources [www.geography.hunter.cuny.edu] 

However, these are not economically feasible unless the cost to the consumer is hiked, 

making this a complicated situation. According to sources, there are about 19.1b barrels 

known and about 145.5b barrels undiscovered within the territory of the United States. With 

natural gas, there are about 244.7t cu. ft. + 9.3b known reserves, while 1162t cu. ft. are yet to 

be found [9,10]. As for thorium and uranium, there is about 90 years’ worth of known 
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reserves, with undiscovered reserves that are believed to last for an additional 230 years [11-

13]. Demirmen et al, in an article titled "Reserves Estimation: The Challenge for the 

Industry" [14], he calculated that "there is a 90% chance that we will meet or exceed these 

reserves". 

So it seems that we have time, but the question that arises is whether our planet will 

survive till then. The use of fossil fuels has affected the environment in number of ways, 

which include increasing the carbon content of the air, carbon monoxide content, carbon 

dioxide content, and particulate matter. Besides this, the sulfur content has also increased, 

and is evidenced in acid rain. Couple this with deforestation to create living spaces, cities and 

mining sites, and we have more pollutants than what the planet can take care of. These 

pollutants and particulate matter in the atmosphere is also responsible for global warming, 

and climate change as a whole [15], making summers warmer, winters cooler, rainfall more 

erratic, and wind patterns more inconsistent. It also has a direct influence on the geography 

and ecology of the area, as well as affecting the ozone layer. One can find a large number of 

publications and articles about the way different pollutants affect the flora and fauna of an 

area that is subject to pollution.  

2.2 Renewable Energy Sources 

In an ideal world, we would try to harness energy from renewable sources to meet our 

daily needs. This involves solar, wind, hydro, tidal, geothermal energy, etc. All of these are 

usually available for free, and require just an initial cost for setup and installation. The main 

advantage of using renewable energy is that it is virtually unlimited, which means that as long 

as the source is present, we can continue to use its energy. When renewable energy becomes 

our main source, we will never run out of energy. Renewable energy is usually converted into 

electricity directly, and as a result there is no pollution, making it a clean source of energy. 
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Figure 3 shows some of the most common and popular sources of renewable energy that are 

currently in use today, or are actively being researched upon [Saini K]. 

 

Figure 3: Some of the most common sources of renewable energy in use today [Saini K, 

www.environmentabout.com]. 

2.2.1 Solar Energy 

Solar energy is one of the most upcoming and promising sources of energy seen 

today, mainly because it comes from a source that will be present for millions of years to 

come. This technology has already found its use in small scale electronics, parking meters, 

street lamps, and high-tech applications such as satellites. Solar energy would work 

extremely well in tropical areas, along with other areas that receive a good amount of 

insolation. Extensive study and research is being carried out to prove its viability, like 

Gueymard et al (Solar Consulting Services, FL) in the article "The sun's total and spectral 

irradiance for solar energy applications and solar radiation models" [16] and studies from 

the Solar Energy Laboratory in Wisconsin, spearheaded by Klein in "Calculation of monthly 

average insolation on tilted surfaces" [17]. Extensive work is also being carried out on using 

solar energy for heating, cooling, and purifying purposes, with the latest in technology 

reported in Goswami et al's "New and emerging developments in solar technology" [18]. One 
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of the most interesting projects that were completed was that of NASA's solar plane, shown 

in Figure 4, which proves that solar energy is capable of powering high performance devices. 

 

Figure 4: NASA's solar plane Helios on one of its test flights 

[http://www.dfrc.nasa.gov/Gallery/Photo/Helios/Large/ED01-0209-3.jpg]. 

 

2.2.2 Wind Energy: 

Wind energy is often a choice in places where there is a constant and continuous flow 

of wind. In order to harness this energy, large windmills are placed facing the winds in areas 

known as wind farms. These windmills are actuated by the wind, and an alternator converts 

this rotary motion into electricity. A lot of research is needed in predicting wind patterns, 

flows, design and running considerations, and has been covered extensively in articles such 

as Nielsen et al's "A new reference for wind power forecasting" [19] and Datta's "A method of 

tracking the peak power points for a variable speed wind energy conversion system" [20]. 

Wind power is explained in more detail in a book by the European Wind Energy Association 

titled "Wind energy - the facts: a guide to the technology, economics, and future of wind 

power" [21]. Wind farms often cover large areas of land, and have hundreds of windmills. In 

some cases, the ground under the windmills is also used as farm land to grow crops, hence 

http://www.dfrc.nasa.gov/Gallery/Photo/Helios/Large/ED01-0209-3.jpg
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resulting in effective and efficient space utilization. Wind farms can also be constructed over 

water bodies, as shown in Figure 5. 

 

Figure 5: Windmills tower over the horizon in a wind farm.[engineering.stanford.edu] 

2.2.3 Hydroelectric Power 

Hydro power (often a short for hydro-electric power) is one of the oldest means of 

producing electricity, using potential energy of stored water converted into electricity via 

rotation of a turbine. This is one of the most popular means of generating electricity in areas 

through which rivers run. Large dams are built across rivers to help in water storage, and is 

let fall onto a turbine that generates electricity. On the downside, however, there are a number 

of issues related to hydroelectric power, namely huge investments. Besides that, a 

hydroelectric plant requires an enormous amount of planning, as it also affects the ecosystem 

when the reservoir is built. One such incident happened in Norway where salmon breeding 

was affected [22] after a reservoir was built.  
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2.2.4 Geothermal Energy 

Geothermal energy is a result of the heating of underground water by subterranean 

heat, usually caused by magma. As such, geothermal energy sources can be mostly found at 

active volcano sites. In order to harness this energy source, tunnels are bored and pipes are 

installed close to the source of heat. Water gets superheated under the heat of the magma, and 

this steam is used to drive turbines that produce electricity via an alternator. As such, 

installing and setting up a geothermal plant requires massive planning and investments, but it 

also happens to be one of the most effective as steam can be reused over high pressure and 

low pressure turbines. However, these kinds of power plants would work only in volcanic 

zones. The effects and benefits of geothermal energy have been discussed in detail in 

numerous articles, but some that make good reading are Fridliefsson's "Geothermal energy 

for the benefit of the people" [23] and the USGS's "Assessment of Geothermal Resources of 

the United States - 1978" [24]. 

2.2.5 Tidal Energy 

Harnessing the power of moving waves was seen as an excellent solution to provide 

power to harbors and coastal cities. There are a number of different ways this energy can be 

harnessed. One way of doing this would be to use of dams built along the coastline, and 

turbines are run by the influx and out flux of water on either side of the dams, depending on 

the tides. Another idea is to install submerged turbines, making it look like an underwater 

wind farm. It is important to know the exact moment when the wave dissipates its maximum 

energy, and this can be analyzed and evaluated using satellite data as seen in Egbert and 

Ray's "Significant dissipation of tidal energy in the deep ocean inferred from satellite 

altimeter data" [25]. Tidal energy can only be used in places close to the coastline, but even 

that is difficult to harness. To obtain the maximum benefit of the moving waves, 
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oceanographic surveys have to be carried to study continental shelves among numerous other 

factors. Studies are also carried out in designing tidal channels [26], as well as improving the 

efficiencies of generators [27]. The working on one such system is shown in Figure 6, where 

water turns the turbine in the tunnel to produce power. 

 

Figure 6: One of the many ways to harness tidal energy [www.bigelow.org] 

2.2.6 Nuclear Energy 

Energy obtained by splitting a large heavy unstable atom by bombarding it with slow 

moving neutrons gives rise to nuclear energy, producing a lot of heat energy to heat water to 

superheated levels. Although the enriched nuclear fuel, uranium or thorium, is consumable 

and non-replenishible, nuclear energy is controversially classified as a renewable source 

mainly because a very small amount of fuel is sufficient to produce large amounts of energy 

for long periods of time. Although immediate pollution is much lesser than combustion of 

fossil fuels, disposal of spent nuclear fuel is a major issue. Currently, nuclear wastes are 

sealed into lead-lined containers and buried deep into the earth, where the waste is expected 

to disintegrate depending on its own half-life. However, there is always a danger of this waste 

leaking out, posing a real danger to the ecosystem. 
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2.2.7 Disadvantages of Renewable Energy 

There are a number of problems when deciding on using renewable energy as our 

mainstream source. To start off, renewable sources energy are not very efficient in energy 

conversion, and are not the same all over the planet. Using single technologies is not 

sufficient to provide enough electricity as the yield is low, so these systems are often 

integrated with two of more technologies depending on their availability. Besides that, each 

of these technologies has their own drawbacks. Solar energy requires large spaces to build 

solar farms, and the energy produced is sometimes just sufficient to run a handful of homes. 

On a cloudy day, the yield would be very low as solar cells do not get full exposure. The 

same goes for wind energy, which is not always constant. On a less windy day, the yield 

would be considerably lesser. Geothermal and tidal energy can only be harnessed at places 

where they are present, like volcanic zones and sea shores, and their setup and running 

require large amounts of capital. The same goes with hydro-electric power, where there is 

also a political element involved.  And finally, nuclear energy faces its own problems, such as 

enrichment, operation and nuclear waste disposal. 

Thus we can conclude that we are not yet ready for renewable energy, but we cannot 

let pollution of the planet to go uncontrolled. Even if there was more time to help build up an 

infrastructure that relies on renewable energy, it would still take time to perfect these 

technologies for higher yields. What we really need is a source of energy that:  

 Virtually inexhaustible. 

 Easy to produce without needing to clear forests. 

 Needs simple and cheap apparatus for its production. 

 Has clean working conditions. 

 Does not cause pollution. 



14 
 

 Can be used either as a small scale or large scale energy extractor. 

And there is one that can possibly be the fuel of the future, one that checks all the 

boxes and has a lot more advantages than those listed above. The largest reserve of this fuel is 

one that covers over 71% of the surface of the earth, and is a feature that is most unique to 

our planet. The fuel itself exists in its elemental form, and remains one of the most abundant 

elements on earth, already being the most abundant element in the universe. One of the most 

explosive elements of the periodic table as well as the lightest, hydrogen can well be touted 

as the fuel of the future, at least during the transitional period when renewable energy 

becomes more popular than fossil fuels. However, if this technology is developed well 

enough, along with a good infrastructure that supports the fuel is put in place, hydrogen as a 

fuel may yet be the primary fuel source not just during the transitional phase, but also for a 

considerable amount of the future. 

2.3 Properties of Hydrogen 

As already mentioned, hydrogen is the smallest and lightest element, the first on the 

periodic table. It has an atomic number of 1, consists of just one proton and one electron, and 

has an atomic mass unit of 1. At molecular level, it exists as a diatom, two atoms of hydrogen 

sharing an electron cloud. At STP, hydrogen exists as a gas, and is highly compressible and 

explosive. Hydrogen has a melting and boiling point close to absolute zero [28], with a 

melting point of 14K (-259 oC) and a boiling point of 20K (-253 oC), falling in the cryogenic 

range. Some of its physical characteristics are its absence of any odor, color or taste. 

Hydrogen is non-toxic but can act as an asphyxiant. Although hydrogen can release energy 

when combusted, its electrochemical properties are more interesting, owing to its use in fuel 

cells. In many ways, heat is often considered a residual form of energy that cannot be used 
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very effectively. And this is where fuel cells come handy, as they are more efficient than 

combusting hydrogen gas.  

On combustion, hydrogen has a HHV and LHV of 141.86 KJ/g and 119.3 KJ/g 

respectively, and is almost double that of most hydrocarbon fuels mainly because it does not 

need a lot of energy to vaporize. The energy density also depends on a number of factors such 

as heat and pressure, such as 10 MJ/m3 at 1 atm to 8491 MJ/m3 at liquid phase. Hydrogen is 

very reactive, and since it "donates" its electron, it can be placed in the electrochemical 

reactivity series although it is not a metal. Prolonged exposure of materials to hydrogen can 

cause hydrogen embrittlement, which causes catastrophic failures in the material, although its 

causes are not well defined. Hydrogen is often loosely clumped together by a very weak bond 

called a hydrogen bond, and reacts very quickly with oxygen to form water, the very property 

that gives it its biggest advantage when used in fuel cells. Figure 7 shows one of the safest 

known methods of storing hydrogen, which again is not a hundred-percent safe. Pressurized 

tanks will slowly give way to more advanced methods of hydrogen storage, and Figure 8 

shows the NFPA rating of gaseous hydrogen and liquid hydrogen, which need to be observed 

when working with this gas. 

 

Figure 7: Hydrogen storage tanks [www.magna.com] 
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Figure 8: The NFPA rating of gaseous and liquid hydrogen [www.h2practices.org] 

2.4 Hydrogen Production 

There are a number of ways by which hydrogen can be produced, the most common 

of which are listed below: 

 Reforming of natural gas [29,30]. 

 Gasification of coal, petroleum, and coke [29,31,32]. 

 Gasification and reforming of heavy oil [29,33,34]. 

 Water electrolysis [29,35,36]. 

 Less popular methods, such as extraction from biomass [29,37]. 

A major portion of hydrogen produced in the world comes from hydrocarbons, mainly 

because it comes from processing the by-products of petroleum products. At this stage, it is 

the easiest as well as cost effective, although not the cleanest. As long as natural gas, coal, 

petroleum and coke continue to be processed, this method of hydrogen production will be the 

most preferred technique. There is a major drawback with the gasification method, being that 

it is not suitable in the long run. The energy required to run the process just to control the 

amount of carbon dioxide would deplete the coal reserves at a much faster rate. Our 

dependence on fossil fuels even for hydrogen at present can be summarised in the pie chart 

[38,39] shown in Figure 9, with fossil fuels scoring 88% as a hydrogen source. 
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Figure 9: A breakdown of hydrogen production technologies 

So already knowing that hydrogen production from hydrocarbon fuels would exhaust 

the supply as well as cause pollution, we have to look for new ways to extract hydrogen. A 

logical choice then would be to extract hydrogen from biomass, which involves converting 

biomass into methane gas before reforming to produce hydrogen. But this choice brings up a 

lot of ethical questions, knowing that the biomass being used are usually food seeds such as 

corn, rapeseed, etc., while plant stalks are separated after food seeds are threshed. While 

stalks usually serve as fodder for cattle and livestock, food seeds are generally consumed by 

humans for nutrition. So in a way, it is not fair that biomass be converted into fuel to run cars, 

while there are a lot of hungry people that do not get two meals a day.  

 This suddenly makes water electrolysis an early favorite for hydrogen production. 

Although just 4% of hydrogen is produced using this technique (see Figure 9), there are a 

number of advantages associated with it, listed as follows: 
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 Ease of available materials. 

 Portable and small scale apparatus. 

 Requires small amounts of power to run. 

 Causes little or no pollution. 

 No need to compromise between food and fuel. 

In order to efficiently use hydrogen as a fuel, there are three steps that must be 

realized, namely - production, storage, and use. There are a number of ways of producing 

hydrogen, although new methods are being researched all the time. But researchers and 

statisticians have already begun quoting how hydrogen can replace fossil fuels in the 

transportation sector. Crabtree et al [40], in an article titled The Hydrogen Economy, envision 

a scenario in 2040 where all cars and light trucks in the United States would run on hydrogen, 

creating a demand of 150 megatons of hydrogen per year [41], and the current production is 

at 9 megatons/year, for almost all of its uses.  

While there are a number of ways of producing hydrogen, as already mentioned, 

active research is being carried out to store hydrogen in a safely in a cost effective way, while 

also keeping the energy quotient of the system within sustainable levels. While a more 

traditional way of storing hydrogen would be in pressurized tanks, there is still a real danger 

of leaks and explosions, both of which can be dangerous and even fatal. There are many other 

ways of storing hydrogen, which includes metal hydrides as well as applications of 

nanotechnology. Metal hydride storage is discussed at length by Sakintuna et al [42] in Metal 

hydride materials for solid hydrogen storage: a review, in which different metals are 

analyzed for their hydrogen storage properties such as capacity, kinetics, toxicity, cyclic 

behavior, thermal response, etc. With the advent of nanotechnology, solutions are being 

sought to incorporate nanomaterials in this field, which have great potential due to the 
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extremely small size of the hydrogen molecule. These techniques are based on the theory of 

adsorption, aided by hydrogen bonding with un-bonded carbon atoms present in the graphene 

and CNT nanomaterials [43-46]. 

2.5 Fuel Cells 

Fuel cells were first developed in the 60s, when NASA began developing the fuel cell 

to power the Gemini space modules [47]. These devices immediately gained popularity 

because they were capable of producing electricity from hydrogen, was easier to carry, and 

was more convenient than to use diesel as well as the generator that would have provided 

power. These fuel cells are now slowly finding their way into the consumer market for a 

number of different applications. There are a number of different kinds of fuel cells shown in 

Figure 10, they are [48]:  

 PEM fuel cells. 

 Direct methanol fuel cells. 

 Alkaline fuel cells. 

 Phosphoric acid fuel cells. 

 Molten carbonate fuel cells.  

 Solid oxide fuel cells. 

2.5.1 PEM Fuel Cells 

A PEM fuel cell has the simplest construction of the types, and is the most versatile as 

well. It works on hydrogen, which comes in contact with platinum at the anode to form 

hydrogen ions or protons, hence the name. Hydrogen ions then travel through the membrane, 

while the electrons travel through the electrical circuit from which they can be harnessed. 

When they come back together again at the cathode, hydrogen combines with oxygen from 

the atmosphere to form water that is taken out of the system. It is important in this application 
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that the hydrogen used as a fuel should be pure, as impure hydrogen can pollute the catalyst. 

PEM cells are usually arranged in a stack that provides power between 1 and 100kW, 

working at a temperature range between 40 and 90oC, ensuring a conversion efficiency of 

about 35% in stationary applications and 60% in transport applications. 

2.5.2 Direct Methanol Fuel Cells 

DFMCs are almost the same as PEM fuel cells, although the materials used are 

different. Water and methanol are added into the system, and the electron that splits from the 

hydrogen atom is used in the external circuit, and returns to the cathode to form by-products, 

which in this case, also contains carbon dioxide, which has to be removed from the system as 

soon as it is formed. DFMCs have a similar working temperature, between 50 and 120 oC.  

2.5.3 Alkaline Fuel Cells 

AFCs are like reverse PEM fuel cells, one of the stark differences being that the 

electrolyte contains hydroxyl-rich NaOH or KOH. The working difference between the AFC 

and the PEM fuel cell is that the by-products are formed on the anode side. This fuel cell is 

capable of a conversion efficiency of about 60%, but operates at much higher temperatures. 

2.5.4 Phosphoric Acid Fuel Cells 

PAFC was the first fuel cell to be commercially used, with 270 units deployed for 

stationary power applications around the world, most notably in New York under the NY 

Power Authority [49]. This fuel cell has a working temperature between 150 and 200 C, an 

overall efficiency of about 80%, and an electricity-producing efficiency of about 40%. 

Hydrogen is used as a fuel here, and in the presence of atmospheric oxygen, power is 

generated with water as the by product.  

2.5.5 Molten Carbonate Fuel Cells 

MCFCs are a different class of fuel cells that run at an operating temperature of 

around 650C. This heat is required because the electrolyte is made up of carbonates of 
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lithium and potassium, which are melted to conduct charged particles. Again, hydrogen is 

added as the fuel while oxygen and carbon dioxide are taken in from the atmosphere. While 

the oxygen combines with hydrogen to form water at the end of the process, carbon dioxide is 

often cycled back into the inlet to be used for the next cycle. The electricity-producing 

efficiency of the MCFC is 50%, 20% more than that of the PAFC. Also, these are high 

capacity fuel cells that generate between 300 kW to 3MW of power.  

 

Figure 10: The different kinds of fuel cells used today. (Top left): PEM fuel cell
1
, (Top 

center): direct methanol fuel cell
2
, (Top right): alkali fuel cell

3
, (bottom left) 

phosphoric acid fuel cell
4
, (bottom center): molten carbonate fuel cell

5
, 

(bottom right): solid oxide fuel cell
6
. 

                                                           
1  http://www.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html (Last access: October 2012) 
2  www.machine-history.com (Last access: November 2012) 
3 www.afcenergy.com (Last access: October 2012) 
4 www.scopewe.com (Last access: October 2012) 
5 www1.eere.energy.gov (Last access: October 2012) 
6 www.coloradofuelcellecnter.org (Last access: October 2012) 

http://www.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html
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2.5.6 Solid Oxide Fuel Cells 

An SOFC contains a ceramic electrolyte which is metallic oxide in nature. This is a 

highly efficient fuel cell at 80% and has the capacity to produce huge amounts of power when 

combined to one another. Fuel used is either methane or natural gas, getting by-products such 

as water and carbon dioxide.  

Fuel cells have a number of potential and real uses in the world today. They are 

already being highly touted in the transport industry as a potential replacement to the internal 

combustion engine. Like the Gemini capsule, fuel cells can also be used to provide power for 

devices, appliances and gadgets in homes and offices. Heavy duty fuel cells can be used to 

power machinery in a factory. All these fuel cells except the SOFC have one thing in 

common: they are all powered by hydrogen. Since it has often been claimed that fuel cell will 

be the power plant of the future, likewise hydrogen will be the fuel of the future.  

Taking the transportation application as an example, one can draw comparisons 

between the three kinds of cars that are available in the market today: a gasoline-powered car 

like any that a middle class family affords without worrying over its costs, an electric car 

such as the Ford C-Max or the Nissan Leaf, and a hydrogen powered car such as the Honda 

FCX. Although hydrogen fuel is expensive and is not available throughout the country, for 

the sake of simplicity, let us assume that the cost of hydrogen per MPG is similar to that of 

87-octane gasoline. And now imagine a 300 mile trip in each of the cars. Driving the gasoline 

powered car, you would have contributed quite a good deal to existing pollution, as well as to 

the depletion of fossil fuels. The electric car is the cheapest option, costing about a tenth to 

power up, but the range is extremely limited and recharging can take up to 20 hours. The 

hydrogen car, on the other hand, will give a good range, will not pollute the environment, and 

recharge quickly. In this way, hydrogen fuel cells truly brings out the best of both worlds, and 

makes the hydrogen powered fuel cell cars the best choice of the three.  
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2.6 Water Electrolysis 

Electrolysis is one of the oldest known electrochemical methods known to man, and is 

still used extensively in the coating of metals in methods such as anodizing and galvanizing.  

One application of electrolysis is in splitting of the water molecule into its constituents - 

oxygen and hydrogen - the same hydrogen that will be used as a fuel in the future. The 

potential of water electrolysis was known a long time ago, and was mentioned in a number of 

science fiction works such as Jules Verne's The Mysterious Island in 1874, where he wrote 

that "water will be the coal of the future" [50]. Besides that, Erren [51] in the 1930s was 

among the first the first to suggest that hydrogen could be used in the transportation sector as 

a fuel, unlike the zeppelins that used hydrogen more like a levitation medium. And this is 

where fuel cells will play a major role. 

Electrolysis, simply put, is a process that uses DC currents to drive a non-spontaneous 

chemical reaction. It can be used to add or separate material onto or from one another, and 

makes use of a simple apparatus to do so. This technique has been used for a long time in the 

field of chemistry as well as manufacturing to separate one material from another, and is used 

extensively in the following fields: 

 Material separation and extraction. 

 Material purification. 

 Material finishing. 

The apparatus must contain electrodes - the anode and cathode, electrolyte and the 

external circuit. There are different ways in modeling different electrolysis cells depending 

on design, functionality and use, but the parts of the apparatus are effectively the same. The 

cathode is negatively charged, and reduction takes place, while the anode is positively 

charged, causing oxidation to take place. This means that the more electronegative entity is 

drawn to the cathode, while the more electropositive entity is drawn to the anode. The 
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electrolyte forms a medium for the charge carriers to travel through the cell, and it is 

imperative the electrolyte provide the following for the charge carriers: 

 Permeability - to allow charge carriers to enter the electrolyte 

 Mobility - to allow charge carriers to move freely within the electrolyte 

 Conductivity - to allow charge carriers to maintain their electrical charge as imparted 

by the electrode. 

This research has electrolysis as the main focus, splitting the water molecules into its 

constituents - hydrogen and oxygen - by passing DC current through its bulk. The main 

interest is in collecting hydrogen that displaces water and is rises to the top. In most of the 

cases, platinum is often used as the electrode material, mainly because of its resistance to 

corrosion, easy availability, high conductivity, and low costs. As it is, water is a polar 

compound, and exists as its dissociated state by the equation (1). 

                                                                                                                     (1)      

During electrolysis, the following reactions as stated in equations (2), (3) and (4) take place at 

the two electrodes. [29,52,53]: 

At cathode:   2H+ + 2e- → H2                                                      (2) 

At anode:    2OH- → ½O2 + H2O + 2e-                                      (3) 

following which   ½O2 + ½ O2 → O2                                                 (4) 

The actual mechanism of the electrolysis reaction follows either the Volmer-

Heykovsky reactions or the Volmer-Tafel method, depending on the medium of the ionic 

activator. Equations (5), (6) and (7) represent these equations, where M is the electrode 

material which is most commonly platinum or nickel. 
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Volmer reaction:   M + H2O = MH + OH-                                                (5) 

Heykovsky reaction:   MH + H2O + e- = H2 + M + OH-                                 (6) 

Tafel reaction:   MH + MH = H2 + 2M                                                  (7) 

Since the electrode used in this experiment is made of platinum, we use M as 

platinum un the above equation to understand the mechanisms of the reactions. Equation (5) 

is the Volmer equation, where water comes into contact platinum, forming an intermediate 

compound Pt-H. At this stage, hydrogen is adsorbed onto the surface of the platinum 

electrode. From here the equation routes either to the Heykovsky equation represented as 

equation (6) or the Tafel reaction shown in equation (7). In the Heykovsky reaction, the 

electron activates the water molecule at the interface of the already adsorbed intermediate, 

causing it to liberate the adsorbed hydrogen, without any change to the platinum. The Tafel 

equation on the other hand, simply lets hydrogen gas evolve out from its adsorbed state, and 

is more likely to occur in acidic mediums. This research was carried out by Kaminski in 

analyzing the effect of the ionic activator [54], using titanium and molybdenum based 

platinum electrodes in the form of TiPt and MoPt2. 

There are usually 3 different variations in the kinds of electrolysis cells. Depending on 

the need and application, these changes can be applied to improve performance and 

functionality. Often, these are achieved by changing the type of the electrode, type of 

electrolyte, and the type of membrane. Each of these does its part in reducing conductivity, 

and improving mobility and permeability of the charge carriers. For this research, however, 

no dividing membrane between the two zones was used, so its contribution is ruled out. 
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2.7 Electrolysis Resistances 

Researchers try to improve electrolysis cells by reducing the internal resistances. The 

main objective that researchers try in improving an electrolysis cell is trying to reduce the 

internal resistance. If one draws the circuit diagram for an electrolysis cell, there will be a 

number of different sources of internal resistance, and these are listed below: 

 Resistance from connecting wires. 

 Resistance from electrodes. 

 Resistance from electrolyte. 

 Resistance from hydrogen bubbles. 

 Resistance from oxygen bubbles. 

2.7.1 Resistances from Connecting Wires 

When using stock connecting wires, there isn't something one can do except make 

sure that the wires are well insulated. It should also be ensured that the wires should be as 

short as possible, because resistivity is not dependent on length, but resistance is. For this 

experiment, the true voltage was taken not from the terminals of the DC outlet, but from the 

terminals of the electrode. In this way, the voltage drop across the wires is compensated by 

the true voltage across the ends of the electrodes. 

2.7.2 Resistances from Electrodes 

Every material used has its own resistance, and for an electrode, it must be an 

extremely good conductor without being susceptible to corrosion. Different materials for 

electrodes have been used over the years, although new materials are still being researched 

for such applications. In a research article by Dubey et al [55], experiments were carried out 

in water electrolysis using a carbon nanotube anode, and analyzed the different types of 
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electrodes, including nitrogen doped carbon nanotubes [56]. This resulted in significantly 

higher hydrogen production rates when CNTs were deposited onto the anode axially, 

perpendicularly and normally. This shows that HPR is dependent on the material of the 

electrode 

2.7.3 Resistance from Electrolyte 

The electrolyte also plays a big role in the resistances of the system. Attempts are 

being made to reduce the resistance by introducing additives into the bulk of the electrolyte, 

or increasing the count of the ionic activators, such as work carried out by Fang and Liu [57] 

in Effect of pH on hydrogen production from glucose by a mixed culture. This fact is also 

confirmed later in this work. The fact remains that as the number of ionic activators are 

increased, the conductivity of the electrolyte increases. This even creates an increased 

mobility for the charge carriers such as hydrogen and oxygen ions. Moreover, using normal 

tap water would add more to the conductivity of the electrolyte owing to an increased number 

of mineral ions in its bulk. Although they contribute little, it results in an increased 

conductivity compared to DI water that is frequently used in the laboratory.  

2.7.4 Resistance from Hydrogen Bubbles 

As the experiment is carried out, the electrolyte in contact with the cathode breaks 

down the water to liberate hydrogen gas. Due to the surface tension phenomenon, the bubble 

does not immediately leave the surface of the electrode until the buoyant force of the bubble 

overcomes the adhesion of hydrogen to electrode, which happens only when the bubble 

becomes big enough. This surface tension phenomenon is governed by the equation (8): 

                                                        
        

   
                                                          (8) 
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where sv, sl, lv are the surface tensions of the solid-vapor, solid-liquid and liquid-vapor 

respectively. As a result of the hydrogen gas bubbles on the surface, it forms a barrier at the 

interface between the electrode and electrolyte, effectively cutting off contact between the 

two by reducing the contact area. This prevents the reaction from going ahead, thus directly 

increasing the resistance of the system. The detachment of the bubbles from the electrode 

surfaces depends on a factor called wettability [58,59], which can be altered depending on the 

kind of additives used to make up the electrolyte. Another way to overcome this problem 

would be to remove the bubbles mechanically, of which stirring is seen as a solution. 

Hydrogen by itself has very poor electrical conductivity. 

2.7.5 Resistance from Oxygen Bubbles 

Just like hydrogen bubbles being formed on the cathode, oxygen bubbles form on the 

anode, and act the same way in impeding the flow of charge carriers. This is also dependent 

on the surface tension interactions, and can be removed mechanically by stirring. Bubble 

formation can be severe, as shown in Figure 11, where electrodes are coated with bubbles, 

preventing contact between the electrode and electrolyte. 

 

Figure 11: Hydrogen and oxygen bubbles coating the electrodes of the cell, affecting the 

performance of the cell 

Oxygen bubbles 

Hydrogen bubbles 
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Often, there is a membrane that separates the electrolyte, separating the cell into two 

compartments where each electrode is placed in one compartment. The membrane has a 

resistance of its own, but this work does not use any membrane. So that component of 

resistance can be ruled out. 

2.7.6 Thermodynamic Resistances 

A number of authors have stated that in an ideal case of electrolysis, at standard 

temperature and pressure, the theoretical voltage at which the process starts to take place is 

about 1.23V [55,60-64]. This is because there is enough heat in the system to start the 

reaction at the above-said value. However, due to a number of factors which include 

resistances of the cells, sluggish electrode kinetics, the overpotential is nearly 1.80 to 2.0V 

greater than the theoretical value. Since the reaction starts at 1.23V, the HPR is expected to 

increase as the applied voltage is increased. As a result, the HPR at higher voltages is much 

higher than that at lower voltages. A lot of this depends on the Gibbs free energy, which is 

equal to +237 kJ [65], which is the least amount of energy needed to produce hydrogen. This 

is possible at room temperature. Which is why as the voltage is increased, this value of 

energy is attained much quicker and faster, hence the increased HPR. 

2.7.7 Electrochemical Resistances 

Another kind of resistance that exists within the cell is that of electrochemical 

reaction resistance, and this is caused due to the overpotentials that are required to overcome 

the activation energies of the gases. This is the kind of reaction that determines the kinetics of 

the reaction [66]. 
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2.7.8 Electrode Kinetics 

Due to the strong electrical charges on the electrodes, it attracts ions of the opposite 

charge towards it. While these opposite ions cluster together, they themselves attract ions of 

the same charge as that of the electrode, which in turn attract ions of the opposite charge yet 

again. This is called an electrical double layer [67]. When this happens, it causes an 

interfacial potential difference between these ions due to its existence [68]. This also affects 

the mobility of the charge carriers. 

2.8 Nanomaterials 

Nanotechnology has taken the world by storm. Ever since the discovery of nanosized 

particles, scientists, theorists, and researches have analyzed a number of applications that 

could potentially change our outlook of science altogether. Although some of these 

applications have already come into effect, the possibilities of extending their scope to any 

field are endless. Some of these fields are: 

 Medicine 

 Composites 

 Electronics 

 Energy 

 Structures 

 Food 

 Textiles 

 Optics, and the list goes on.  

Nanotechnology is the science that deals with the visualization, creation, fabrication, 

modification and production of entities that have at least one dimension in the nanoscale. It 

has opened science to a world of imagination that could only be though about in science-
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fiction movies. Yet today, human beings have the technology to attempt procedures and 

realize ideas that would then have been deemed non-feasible and unrealistic. But one thing is 

certain - as we go smaller, our goals have become bigger. 

What makes nanomaterials so special is the fact that they have enhanced properties as 

compared to their bulk counterparts. This comes about due to two reasons: 

 Due to their extremely small size, the area of the active surface is much higher 

than the volume of the particle.  

 A large number of broken bonds on the active surface allow more molecules 

of other materials to interact, hence enhancing the effectiveness of the attacking 

molecules as well. 

In this experiment, conductive nanoparticles such as graphene, MWCNT and ITO are used in 

order to increase the conductivity of the electrolyte. This is achieved through the property of 

the nanomaterials and their size itself, which boosts their aspect ratios. These particles have 

their own surface areas (which are larger than their volumes) which contribute towards the 

active electrical surfaces of the electrode and help in conductance and mobility. These can be 

considered to be electrode particles that are mobile within the electrolyte, increasing the 

effective surface areas of the electrolyte while not really being attached to it. Moreover, these 

even reduce the resistances by breaking down the electrical double layers formed around the 

electrodes, thus increasing the reaction rate of formation of the two gases. Their movement 

through the electrolyte also adds to the mobility of the charge carriers as well. 

2.8.1 Graphene 

Graphene can be considered as a single layer graphite structure that is only a few 

nanometers thick. This nanomaterial was first observed by Geim and Novoselov using sticky 
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tapes [69,70]. After that, more methods were used to fabricate graphene, which included 

pushing graphite against a surface and peeling graphene from HOPG [71] onto a SiO2 

substrate. Chemical methods were also used, which involve silicon carbide [71-74], graphite 

oxide [71,75,76], as well as growing onto a ruthenium surface [77]. Another interesting 

method that can be employed is by lateral unzipping of carbon nanotubes [78,79]. Uniformly 

thick and extremely high purity graphene can be obtained by epitaxy on silicon carbide in a 

gaseous pressurized environment [80]. 

On observation, graphene looks like a honeycomb structure that is one atomic plane 

thick, shown in Figure 12. It has a charge carrier density of 1013 /cm2, and a charge carrier 

mobility of 15000 cm2/Vs [69,76]. The conductivity of graphene is believed to be about 64 

mS/cm [76], and is believed to have six times the current density of copper. Besides, 

graphene is also known to show superior mechanical properties, due to which it is use in 

electronic, phonon and optical applications where strain and deformation are imperative to its 

use [81]. 

 

Figure 12: Schematic model of a single film of graphene 

Graphene has a number of different applications, especially in the field of electrical 

development. New kinds of electrodes have been developed, which are stretchable and 
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transparent, while keeping up with the requirements [82]. Graphene paper [83] is known to 

have excellent properties in this regard as well. Research is being carried out to develop a 

new breed of supercapacitors based on graphene oxide [84], as well as ultracapacitors based 

on pure graphene [85]. Other applications of graphene come about due to its versatility, and 

can be seen used in polymer composites [86,87], field emission transistors [86,88], 

nanoelectronics [89], and a number of other applications that also include photonics and 

optoelectronics [90]. 

2.8.2 Multi-Wall Carbon Nanotubes 

Another very popular nanomaterial used in a number of fields is the carbon nanotube, 

a material that has captured the imagination of researchers around the globe. Carbon 

nanotubes were actually discovered by accident, during a laser ablation experiment[82]. 

There are other ways of producing carbon nanotubes, which include laser ablation[83], 

plasma torch method [84], chemical vapor deposition [85,86], and removal of catalysts [87] 

among a number of other techniques. A representation model of the MWCNT is shown in 

Figure 13. 

 

Figure 13: Schematic model of a Multi-Wall Carbon Nanotube [www.nanotech-now.com] 
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Chirality of the nanotube plays a large role in determining the properties for which 

they can be applied. There are three kinds of nanotube orientations - armchair and zigzag, and 

some having a mix of the two. Carbon nanotubes are amongst the strongest materials in terms 

of elasticity and tensile strength, with a modulus of elasticity [88] at 63 GPa. Besides that, 

carbon nanotubes have an extremely low density [89], which helps in fabricating extremely 

strong structures with low weights. In this application, the electrical properties are more 

interesting, with current densities at about 4 x 109/cm3 [90]. 

MWCNTs have a number of potential applications, some of which are in use already. 

Most of these are high-tech applications, such as carbon nanotube wires, paper batteries [91], 

solar cells [92], ultracapacitors [93], textiles, hydrogen storage, multi-junction carbon 

networks [94], field emission displays [95], nanoelectronics and photonics [96], interconnect 

applications [97], MWCNT composites [98,99], gas sensors, and a number of other uses. 

2.8.3 Indium Tin Oxide Nanoparticles 

Indium tin oxide (ITO) is a special material of indium oxide that is doped with tin 

particles (90% In2O3 and 10% SnO2 by weight) and exists as a yellow-green powder in its 

particulate form. Indium tin oxide can exist as nanoparticles and are often used in the science 

of thin film technology. Indium Tin Oxide has a resistivity of 2 x 10-4  cm, a carrier density 

of 1021/cm3, and a mobility of 30 cm2/Vs. These values are said to be much lower than that of 

pure indium oxide [100-102]. The level of doping using tin oxide gives rise to its 

semiconducting nature, which is often used in electrical applications such as transparent 

electrode applications [103] and flat panel displays [104,105]. Recent developments have 

also been carried out in the field of organic LEDs [106-108]. However, indium tin oxide is 

best used in its applications in thin film technology and solar cells. Figure 14 shows the 

structure of indium tin oxide nanoparticles. 
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Figure 14: Structure of indium tin oxide (indium oxide doped with tin oxide)[www.spie.org] 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Basis of the Experiment 

As already discussed in the literature, water electrolysis is quite an old technique that 

has been used for a number of years, with many different categories of methods used. The 

main focus of this research is to produce hydrogen. Here, the electrolyte is modified with the 

addition and dispersion of conductive nanomaterials within its volume. The different 

nanomaterials used as variables in this research are the following: 

 Graphene Nanoparticles (GNP) - SES Research 

 Multi-Wall Carbon Nanotubes (MWCNT) - SES Research OD 60-100 nm 

 Indium Tin Oxide Nanoparticles (ITO) - Aldrich Laboratories 

 Other variables used in the experiment were: 

 Applied voltage 

 Concentration of the nanomaterial additives 

 Operating temperature and concentration of charge carriers. 

Although there are a number of articles that state that alkaline water electrolysis is 

better, this research is conducted in an acidic electrolyte with nanoparticles mainly for the 

following reasons: 

 Ionization of acids causes dissociation of molecules, resulting in a higher number of 

hydrogen ions 

 Lesser number of OH ions means that the reaction is less dependent on the anode 

kinetics. 
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 Dispersing the nanomaterial in the solution is easy to visualize and realize. 

 Most of the equipment used in this research is easily available, and one can almost do 

this at home or in their backyard. 

 The only consumable in this process is water and electricity, which give out hydrogen 

and oxygen. The nanomaterials are left untouched and can be used again for the same 

reactions by adding more water.  

 The procedure is easy to follow, and the experiment is easy and convenient to carry 

out. 

3.2 Materials Required 

Here are some of the basic equipment used in the experiment: 

 Fume Hood: Since we are dealing with nanomaterials, a fume hood will help expel 

air-suspended nanomaterials, as well as fumes and gases safely away. 

 Magnetic Stirrer and Heating Pan: Used to keep the electrolyte mixture well 

dispersed by keeping the nanomaterials constantly in motion. Adding heat to the 

system makes the process thermodynamically more feasible. The heating and stirring 

apparatus used was manufactured by Fisher Scientific. 

 DC Output: Used to provide DC current required for the experiment to run. When 

progress is made in this experiment, the DC current can come from renewable 

sources of energy. 

 Sonicator: A sonicator made by Fisher Scientific FS60D was used to primarily 

disperse the nanomaterial within the electrolyte mixture.  

 Electrolytic Cell: The device that breaks down water into hydrogen and oxygen with 

the application of electricity. Two kinds of cells were used, the first a carbon 

electrolysis cell made by Scientific Equipment of Houston, P/N 1554-20LC, and the 
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platinum electrolysis cell is a Brownlee apparatus obtained from 

onlinesciencemall.com. The electrodes are made of platinum foil, platinum being a 

good conductor of electricity and being relatively cheap and resistant to corrosion is a 

good material for the electrodes. 

Miscellaneous laboratory hardware used: 

 Pyrex glass 250ml beakers 

 Graduated test tubes 

 Burette 

 2" Magnetic stirrer 

 Connecting wires 

 Filter paper and spatula 

 Measuring cylinder 

Reagents and chemicals used for the experiment: 

 18M Sulfuric acid (98% pure): used as the ionic activator, obtained from Fisher 

Scientific (A300C-212) 

 Gum Arabic: used as the surfactant to help in dispersion of the nanoparticles. 

Importantly, since we are dealing with particulates in nanoscale regions, it is 

important to protect oneself against them as well as accidents. The following forms of PPE 

were used: 

 Laboratory coat (protects against spills) 

 Nitrile Gloves (double layer - keeps hands safe while handling chemicals) 

 Safety goggles (avoids splashes on to eyes) 

 Laboratory mask (protection from inhaling air-suspended particulates) 
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3.3 Preparation of Electrolyte 

In order to get the proper concentrations of the electrolyte, careful measurements are 

to be made. In order to minimize wastage, and at the same time being more convenient, a 

250ml beaker was used to prepare the solution and use it in the experiment. However, to 

prevent overflow after immersing the apparatus, 200ml of the mixture would prove sufficient. 

The electrolyte solution must contain the nanomaterial, surfactant, and the ionic activator. 

The nanomaterial and the surfactant are in particulate form and can be weighed out. The ionic 

activator in this experiment is sulfuric acid, and is measured out in a measuring flask or a 

graduated test tube. A 1M solution of sulfuric acid is made as the primary electrolyte solution 

using the molarity formula: 

M =                                

                      
      (9)  

where, number of moles of solute =                       

                              
    (10) 

And since the sulfuric acid used is in liquid form, we use the density at standard temperature 

and pressure, which is 1.84 g/cm3, to calculate the volume required: 

     
              

       
 
        

     
 

which gives a volume of 11ml to make a 200ml solution of 1M sulfuric acid solution in 

normal tap water, as some of the mineral ions present would also aid in the passage of 

electron and ions in the electrolyte. 

For the sake of simplicity, an equal amount of nanomaterial and surfactant is added. The 

target concentrations are 0.0625%, 0.125%, 0.25%, 0.5% and 1%. The required weights of 

each of the additives are tabulated in Table 1. 
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TABLE 1 

MASSES OF NANOMATERIAL ADDED TO 200ML OF WATER FOR THE PLATINUM 
ELECTRODE ELECTROLYTE CELL 

Target Concentration (w/w) 
% 

Weight of water (g) Weight of nanomaterial 
added (g) 

0.0625 200 0.125 

0.125 200 0.250 

0.25 200 0.500 

0.5 200 1.000 

1 200 2.000 

 

3.4 Sonication 

After briefly stirring the solution to submerge the nanoparticles, the electrolyte 

mixture is then sonicated for about 30 minutes to allow dispersion of all the additives in the 

water. The surfactant increases the wettability of the nanomaterial, thereby making it easier to 

travel through the bulk of the water. In this way, a fairly good degree of dispersion is 

achieved through this step. From here, there were two approaches to carrying out the 

experiment -  

 Carbon Electrode Electrolytic Cell  

 Platinum Electrode Electrolytic Cell 

3.5 Carbon Electrode Electrolytic Cell 

Once the mixture is ready, it is poured directly into the electrolysis cell. The circuit is 

completed according to the figure shown below. Inverted test tubes are placed over the 

electrodes to trap the gasses formed. In order to ensure a high purity of hydrogen and oxygen 
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formed, the test tubes must be primed by removing all existing gases above the surface of the 

electrolyte, and ensuring that the test tube is completely filled by the electrolyte and nothing 

else. This is achieved by using an assembly of a syringe and hose made airtight by superglue, 

passing it up to the top of the inverted test tube and drawing out the air. Care must be taken 

not to draw in the electrolyte. Seen in Fig 15, is the experimental setup. 

Since this was an early stage experiment, the concentrations used were different, 

being 0.05%, 0.1%, 0.15% and 0.25%. Results were obtained in the form of volume of 

hydrogen collected over the electrolyte by the water displacement method, and the time to 

collect that amount of hydrogen is noted. 

 

Figure 15: Experimental setup for Carbon Electrode Electrolysis Cell 
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Electrolysis 
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3.6 Platinum Electrode Electrolytic Cell 

3.6.1 Heating and Stirring 

This process is carried out only for the Platinum Electrode Electrolytic Cell. Once the 

clock has run down on the sonication cycle, the electrolyte is transferred to the hot stirring 

plate. There is no need to transfer the electrolyte to another beaker, as the same 250ml beaker 

can be used. This prevents nanomaterial losses as some of it remains in the coffers when it is 

transferred. The heat is set at 600C, and the stir speed is kept at 300 RPM, and this is initially 

allowed to run for about 10 minutes to keep the nanomaterials in constant motion, preventing 

them from agglomeration or settling down.  

3.6.2 Experimental Setup 

While the heating and stirring process is running, the remaining apparatus is setup 

according to the experiment requirements. There is a stark difference between the two 

electrolysis systems, one being the apparatus itself. Instead of using two test tubes here, one 

burette and one graduated test tube is used. The burette when inverted is much more 

convenient not only because the gases are easier to remove, but also because all of the gas 

can be sucked out using a syringe without drawing any of the electrolyte. In this way, there is 

no need to move the position of the burette at all, unlike the setup for the Carbon Electrode 

Electrolysis Cell. 

Once the ten minutes are up, the platinum electrode assembly is immersed, and both 

the electrodes are primed for the procedure. This experiment was different from the Carbon 

Electrode experiments mainly because the concentrations of the nanomaterials inclusions was 

different - 0.0625%, 0.125%, 0.25%, 0.5% and 1% by weight. However, the same kind of 

data is obtained in the same way, i.e., measuring the volume of hydrogen obtained over time 
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to obtain the rate of hydrogen produced. Shown in Figure 16, is the set up for the Platinum 

Electrode Electrolysis Cell. Connecting wires join the platinum electrode electrolysis cell to 

the DC output, with the negative terminal to the cathode, and the positive terminal to the 

anode. The inverted burette is put over the cathode, and the hydrogen gas is collected over 

this electrode after priming. This is done by drawing the air out, causing the electrolyte to rise 

in level to occupy the space that contained the air.  

 

Figure 16: Experimental setup for the Platinum Electrode Electrolysis Cell 

Besides the obvious change in the material of the electrode, other improvements in the setup 

include the introduction of a multimeter that is used to measure the applied voltage at the 

terminals of the electrodes. This setup is more preferred compared to the other one, giving 

more consistent reading due to a number of factors that shall be discussed in Chapter 4. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

After analyzing a number of articles, there are very few that have combined the use of 

nanomaterials in the electrolyte themselves. Most of the research carried out had three of the 

following features: 

 Basic medium: The ionic activator used was of basic type, containing varying 

concentrations of NaOH or KOH. 

 Nanomaterial Electrodes: In some experiments, electrodes were coated, made with, or 

processed using nanomaterials to improve their effectiveness and kinetics. 

 Use of a PEM membrane: Some experiments made use of a permeable membrane that 

increased the effectiveness of ionic exchange, hence improving the kinetics of the 

reaction. 

As already mentioned, nanomaterials are dispersed in the electrolyte to increase the 

conductivity of the electrolyte as well as the mobility of the charge carriers through the bulk 

of the medium. This study has not been previously carried out on a large scale, and this gives 

us an opportunity to study the various variables involved in affecting the volume of hydrogen 

produced. Since the time is recorded, it is easier to compare the rate of hydrogen produced. 

The rate of hydrogen produced, which can be calculated using a simple mathematical formula 

in equation (9), shall henceforth be abbreviated as hydrogen production rate (HPR).  

                                        
                                

                                       
                                    (11)           

There are two parts to this area - one covering results for carbon electrodes, and the 

other covering results for platinum electrodes. In both the experimental runs, the results are 
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recorded as a difference between the start and end levels of the water level in the test tube or 

burette, whichever pertains to that experiment. Graduated test tubes are used for the carbon 

electrodes, while the burette was used for the setup with platinum electrodes. To set a base 

reading, the experiment was run without any nanomaterial inclusions, i.e., the electrolyte 

contained just 1M sulfuric acid to act as the ionic activator. The purpose of doing this is to 

obtain a set of readings with 0% inclusions, and as a result, compare the readings of all the 

other sets of data to this one. This would give the effectiveness of the amount of nanomaterial 

added in water.   

Application of electricity causes these ions to move to the oppositely charged 

electrodes, which means that H+ ions move towards the negatively charged cathode, while the 

OH- ions move towards the positively charged anode. Electrons from the circuit come to the 

cathode where they come into contact with the H+ ions, and hydrogen gas is evolved at the 

cathode. To compensate for the electrons, the OH- ions at the anode lose the electrons to form 

oxygen gas, liberated at the anode. 

As already mentioned in the experimental procedure, the carbon electrode setup was 

done with the nanomaterial inclusions at 0.05%, 0.1%, 0.15%, and 0.25%. On application of 

voltages of 1V, 2V, 3V, 5V, 8V and 11V, the HPR is calculated and is used as a basis of 

comparison for the experiment at different voltages and nanomaterial inclusion 

concentrations. In the case of platinum electrodes, the concentrations used were 0.0625%, 

0.125%, 0.25%, 0.5% and 1% at more regular interval voltages of 2V, 4V, 6V, 8V and 10V.  

A histogram is used to compare the actual volumes of hydrogen gas formed, and this 

can be compared against the volumes of hydrogen formed using other proportions of the 

nanomaterials. The line graphs become a useful tool in trying to understand how the HPRs 

vary over different voltages. In order to evaluate how effective the nanomaterials are in the 
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production of hydrogen, the HPR with nanomaterials is compared to the HPR obtained 

without the use of nanomaterials, which is nothing but a 1M solution of sulfuric acid. In this 

way, the 0% nanomaterial- concentration acts like a base on which the effectiveness of 

nanomaterials can be calculated. The formula used to calculate this is given below: 

                                                           
                 

       
                                      (12) 

where E is Effectiveness of the nanomaterial inclusion in hydrogen production, HPR(X%) is 

rate of hydrogen produced with 'X' concentration of nanomaterial inclusion, and HPR(0%) is 

rate of hydrogen produced with no nanomaterials added. 

 The graphs below show the readings obtained by using the carbon electrodes. it must 

be noted that although the parameters used in obtaining the readings, such as voltage and 

concentrations are not the same, it still serves as an effective way to compare the HPR 

obtained when electrodes of two different materials are used.  

At an applied voltage of 2V, there is a very interesting phenomenon that takes place, 

and is a potential source of error in the estimation of the effectiveness of the nanomaterial. 

This is seen particularly in the case of platinum electrodes, which are much smaller than the 

carbon electrodes. The resulting value obtained is binary, which means that the HPR is either 

always a fixed value that repeats itself when the experiment is repeated, or has a value of 

zero, which means that there is no hydrogen gas evolved over the stipulated time. This comes 

down to the bubbling phenomenon that is characteristic of the electrolysis process, and is 

discussed at length in Chapter 2. As a result of this, there a large amount of uncertainty 

associated with the readings at 2V. Since the HPR used in comparisons is an average of the 

individual HPRs, there is no fixed value of the HPR at 2V, as the average HPR could be same 

as the individual HPRs or it could also be zero. There could be more positive readings than 

null readings in one set of readings and exactly the opposite for the other.  
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4.1 Hydrogen Production by Graphene 

Graphene when dispersed in the electrolyte, even with the gum Arabic surfactant, is 

quick to settle at the bottom when left standing. This settling due to gravity can be taken as a 

form of agglomeration between the graphitic particles. On mechanically stirring the solution, 

it seems to disperse again, thus not really forming large clumps when stirred. The data in 

Table 2 gives the average HPR at different concentrations of graphene at different working 

voltages. Using this data, a histogram is created to provide a comparison of the amounts of 

hydrogen formed on running the experiment at the working voltage for 2 minutes. This data 

is graphed in Figure 17. 

TABLE 2 

HPR OBTAINED WITH GRAPHENE NANOPARTICLE INCLUSIONS IN THE 
ELECTROLYTE VERSUS APPLIED VOLTAGE 

 

Voltage  

(V) 

Rate of Hydrogen Production with % Graphene inclusions 

0 0.0625 0.125 0.25 0.5 1 

2 0.0050 0.0050 0.0100 0.0200 0.0000 0.0000 

4 0.2250 0.3375 0.3458 0.4417 0.4125 0.3583 

6 0.6763 0.9000 0.9320 1.1111 1.0972 0.9583 

8 1.2125 1.5500 1.6125 1.8000 1.8250 1.5750 

10 1.8125 2.2100 2.2900 2.4400 2.5000 2.2300 
 

The histogram on Figure 17 shows the rate of hydrogen formed for each proportion of 

inclusions, as well as that without any inclusions. At first glance, we can see that there is a 

general increase in the rate of hydrogen formed as voltage is increased. From the above 

graph, we can see that the rates of hydrogen produced at 8V is almost 4 times that of its 

corresponding rate at 4V at an average, which means that there is a 300% increase in the 
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HPR. Such increases can be seen throughout the graph. It can also be seen that on increasing 

the voltage from 4V to 6V, there is a two-fold increase in the HPR over the averages. One 

stark observation made is that the smallest column in the histogram corresponds to that for 

hydrogen production without any nanomaterial inclusions. The highest HPR is seen at 0.25% 

and 0.5% graphene, giving The Going by the trend of the HPR for each voltage reading, To 

observe the trend of the rate of hydrogen production, the line graphs give a better 

interpolation of the HPR at different voltages between 2 and 10V.  

 

Figure 17. Histogram mapping the HPR obtained using graphene nanoparticles vs applied 

        voltage. 

 

Figure 18 shows the interpolatory lines of the HPRs for different nanomaterial 

inclusions. Again, in agreement with the histogram, one can observe that the rate of hydrogen 

production is the least for the electrolyte with no nanoparticles. All others have higher rates, 

and are hence higher than this line. The highest HPR seems to be a close call between the 

0.25% and 0.5% inclusion level, although from the histogram data we can see that the 0.5% 

inclusion level edges it.  
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Figure 18: Graph showing the slopes of the HPR curves versus applied voltages at different 

       levels of nanoparticle concentrations. 

 

There are two very important observations that need to be discussed from this graph. 

Firstly, the rate of hydrogen produced starts from a value close to zero at 2V and then 

suddenly rises at 4V. Secondly, one can easily see that after the 4V mark, as the voltage in 

increased, there is almost a linearity between the rate of hydrogen and the applied voltage all 

the way to the maximum of 10V. As discussed before, bubbling is a phenomenon that needs 

to be addressed, and this becomes prominent at lower voltages, and is an undesirable effect. 

The obtained reading will always be the same and seems to depend on the surface tension of 

the electrolyte which can make the bubbles more stubborn. In any case, this can be 

considered as the maximum rate of hydrogen production. But since the experiment is 

repeated four times, the average HPR is not the true value, and is more of an underestimation, 

and can vary between 0 and 100% of the range of the readings. However, since this 

phenomenon was seen in all sets of the carbon-type nanomaterials, it is considered to be a 
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real-world result. For fairness, the average of all the readings are taken over 4 repeats, this is 

the value that is shown in the histogram. 

Linearity in the graphs shows that there is a good scope of interpolating the results 

between data hard points. In this way, one can approximate the HPR for any voltage point, as 

it can be safely said that there is no erratic behavior of or between the lines. In order to 

evaluate and calculate just how effective the nanomaterials are, we use the equation 4.3 

mentioned. These values are then tabulated and graphed to according to voltages to compare 

the effectiveness at different voltages, shown in Figure 19. 

 

Figure 19: Histogram showing the % increase or decrease in HPR compared to the base    

       electrolyte at different voltages 

This third graph in this series is that of the % increase or decrease in the rates of 

hydrogen production versus the rate at 0% inclusions, thereby evaluating the effectiveness of 

the nanomaterials. This explains the absence of the 0% nanomaterial in the legend of the 

graph. Readings at 2V have been left out of the graph due to the inconsistencies associated 

with bubbling and other phenomena that are complicated to explain, and need careful study. 

The analysis is started from 4V, and in this set, 0.25% graphene has the highest increase in 
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HPR at 96%, almost 20% higher than second placed 0.5% at 83%. This means the HPR is 

almost doubled when 0.25% graphene is added over just water and acid. The other three 

proportions of nanoparticles have all increased the rate of hydrogen production by at least 

50%. At 6V, the histograms have become smaller, with the largest increase in HPR seen with 

0.25% and 0.5% graphene, at 64 and 62% respectively. The other concentrations have an 

increase of over 30%. At 8V, the increase in the yield of hydrogen gas is highest at 0.5% 

graphene at 50%, closely followed by 0.25% graphene at 48%. The increase in the rate of 

hydrogen production for other mixtures of graphene at this voltage is between 27 and 32%. 

And finally, at 10V, 0.5% graphene influences the rate of hydrogen production the highest, 

increasing it by close to 38%, while the other increases manage to stay over 20%. 

One observation that can be made from this is that the increase in the HPR as a whole 

gradually decreases with the increase in voltage. The very fact that the largest increase in the 

8V value (which at 0.5%) being less than the lowest increase at 4V (even at 0.125%) shows 

that at higher voltages, the driving force of the voltage itself is sufficient to accelerate the 

HPR. This is true in the case of 0% nanomaterial, as this is the yardstick for comparisons 

between the two. Hence, it can be stated that the effectiveness of the graphene reduces at 

higher voltages. Going by the trend of the effectiveness of the nanomaterials added, we see 

that the HPR increases from 0 to around 0.25 or 0.5%, and then drops at 1% concentration. 

At lower concentrations, the amount added is quite less, and can only contribute to the 

experiment with what it is capable of. It reaches a maximum at mid-level concentrations, 

which usually results in the maximum yield. The decline in HPR at higher concentrations can 

be attributed to agglomeration of graphene, which starts to exhibit more of its bulk 

characteristics, having a much reduced conductivity value. Agglomeration at upper voltages 

can also occur due to the formation of unbalanced electric double layers, causing graphene 

nanoparticles to attract and clump each other electrostatically. As such, if one was to imagine 
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the line graph version of the graphene effectiveness graph, it would be a curve that swoops 

down and then begins a soft glide downwards as the voltage is increased, and is seen in each 

of the graphene additions. 

One encouraging sign from the % increase/decrease graph is that none of the bars are 

below the x-axis, which means that in each of the cases there in an increase in the HPR, 

thanks to the enhanced electrical properties of graphene. As a result of this, we are able to 

establish the effectiveness of graphene at lower voltages. As such, this was the targeted range 

of voltage for the experiment, as we expect that this would be the working voltage for a 

majority of renewable energy source conversions present today. 

4.2 Hydrogen Production by MWCNTs 

The experiments using MWCNTs were carried out the same way as that of graphene. 

In order to compare results, the same type of graphs is made, to compare the HPR with 

voltage. Although the settling time was not measured, it seemed that the nanoparticles 

remained suspended longer than those of graphene when placed in storage. The HPR to be 

measured is tabulated below, in Table 3. This data is then represented in the histogram shown 

in Figure 20, to show the rate of hydrogen produced. 

TABLE 3 

HPR OBTAINED WITH MWCNT NANOPARTICLE INCLUSIONS IN THE 
ELECTROLYTE VERSUS APPLIED VOLTAGE 

 

Voltage (V) 
Rate of Hydrogen Production with % MWCNT inclusions 

0 0.0625 0.125 0.25 0.5 1 

2 0.0050 0.03 0.02 0.01 0.02 0.03 
4 0.2250 0.3375 0.5 0.53 0.61 0.48 
6 0.6763 0.91 1.18 1.25 1.38 1.15 
8 1.2125 1.575 1.75 1.81 1.825 1.55 
10 1.8125 2.26 2.6 2.67 2.7 2.29 
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Figure 20: Histogram mapping the HPR obtained using graphene nanoparticles vs. applied 

        voltage 

 

Again, as seen with the graphene nanoparticles, the HPR generally increases with 

increase in applied voltage. At 0.0625%, the HPR goes from 0.03ml/min to 2.26ml/min, from 

2 to 10V. There is a little less than a 3-fold increase on increasing the voltage from 4 to 6V, 

becoming about less than a 5-fold increase at 8V. The final rise is about a 7-fold increase at 

10V. At 0.125%, the increase at 6V over 4V is 2-fold, about 3 at 8V, and finishing at about 5-

fold at 10V. A similar trend is seen in the remaining data sets at 0.25, 0.5, and 1% 

concentrations. It is also interesting to see that the HPR at 10V is double that at 6V. In order 

to get a better idea of the values in between the data hard-points, the line graphs can be used 

to interpolate the graph, which can be seen in graph B below. 

Figure 21 shows the interpolatory lines for the HPR from 2 to 10V, and this is similar 

to graphene in many ways. First, one can observe that the line for 0% concentration of 

nanomaterials is at the lowest, which also tallies with the histogram, as the lowest HPR. Also, 
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in agreement with the histogram, we see that all the other concentrations of MWCNT 

inclusions result in much higher HPRs than those without.  

 

Figure 21: Graph showing the slopes of the HPR curves versus applied voltages at different                   

 levels of nanoparticle concentrations. 

 

Similarities do exist with the graphene observations. Firstly, there is hardly any 

difference between 0V and 2V, which goes to say that the HPR at 2V is very close to, 

although not equal to zero. The HPR rises sharply from 4V onwards and goes on to increase 

almost linearly. However, at higher concentrations of MWCNT, namely at 0.5% and 1%, 

there appears to be a bump in the curve at 6V. On observing the slopes of the curves, it can be 

seen that this is actually a slight dip in the HPR at 8V, since the HPR at 6V and 10V appear 

to lie in the same line as dictated by the slope.  

A second similarity that we see is that the highest series in the graph is that with 0.5% 

MWCNT concentration throughout the set of results. This is the most optimum concentration 

of all those tested, with lesser concentrations having insufficient conductivity, and the 1% 
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concentration experiencing possible agglomeration in the solution. Again, like in graphene, 

bubbling is experienced with MWCNTs, and this affects the HPRs in the same way.  

In order to compare the effectiveness of the MWCNT nanoparticles added, the % 

increase or decrease graph is analyzed. This graph compares the % increase or decrease in the 

HPR when MWCNT is added to the mixture, to when no nanomaterial inclusions are added. 

In this way, one can see how the HPR is dependent on the concentration of the MWCNT in 

the electrolyte, and this data is represented in Figure 22.  

 

Figure 22: Histogram showing the % increase or decrease in HPR compared to the base    

 electrolyte at different voltages 

 

The above histogram depicts the effectiveness of MWCNT added to the electrolyte. 

Like the case from graphene, the graph begins from 4V, as results from 2V are highly 

inconsistent and are considered to be binary readings, requiring further study as to how they 

can be made more reliable. The bubbling phenomenon is observed here also, and at low 

voltages, this affects the conductivity of the electrolyte, thereby increasing the resistance of 

the system, reducing the HPR. But if the bubble detaches itself quickly from the electrode, 
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then the HPR is faster. Some of this inconsistency is seen at 4V, but the results obtained at 

this voltage are more stable and has a high repeatability. At higher voltages, large bubbles are 

quickly formed and detached from the electrode, thereby increasing the amount of hydrogen 

produced, while also keeping the resistance of the system down by continuously keeping the 

electrode wet.  

At 4V, the largest increase in the HPR is that of 0.5% MWCNT, at nearly a 170% rise 

in the HPR. The middle and high concentrations scored over 100% increase, which means 

that the HPR is doubled at 4V. Compared to the others, the rise in the HPR at 0.0625% 

MWCNT does not seem very significant, almost 60% below the next lowest bar in the graph. 

At 6V, the largest increase in HPR stands at a little over 100%, and three other concentrations 

show an increase of over 60%. At 8V, the largest increase in the HPR is almost equal to the 

smallest increase in HPR at 4V, and at this stage, the 1% MWCNT seems to be equal to that 

of 0.0625% MWNCT, meaning that there is no difference between these two levels of 

concentration at the given voltage. And finally, at 10V, there seems to be no difference 

between this set and that of 8V, with both sets seeming to have a maximum of about 40% and 

a minimum of 20%. 

Again, like graphene, MWCNT does not seem to add the same amount of 

effectiveness at higher voltages compared to the lower and middle voltages. One reason is 

that the HPR of 0% nanoparticle inclusions is quite high due to much favorable kinetics at 

higher voltages, and the addition of MWCNT only marginally increases the effectiveness of 

the nanomaterial. As a result of this, if a line graph for the effectiveness of the nanomaterials 

was to imagined with respect to the voltages, the curve would start from a maximum value at 

low voltages, swoop down and begin to glide and level out at higher voltages. 
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There is an encouraging observation here as well, with reference to figure 4.6. This 

histogram does not have any values below the zero line, in the negative area, which means 

that there has been no decrease in the HPR in any of the cases. All scenarios have seen an 

increase in the HPR compared to different working voltages compared to cases where no 

materials are added. Thus we can conclude that there is an improvement in the process. 

4.3 Hydrogen Production by ITO 

This section analyses the results of the third kind of nanomaterial inclusion, which is 

not of carbon nature. To make an effective comparison between all three nanomaterials, the 

same test conditions were replicated for the ITO nanoparticles as well, which meant same 

temperatures, stirring speeds, concentration, voltages, and apparatus used. Data was recorded 

in the same way, and is tabulated below in Table 4. The table has the individual values of 

HPR for ITO nanoparticles for 2 minutes of each reading, averaged 4 times. To get a better 

idea about the volume of hydrogen produced, a histogram is constructed using the table data, 

and is shown in Figure 23. 

TABLE 4 

HPR OBTAINED WITH ITO NANOPARTICLE INCLUSIONS IN THE ELECTROLYTE 
VERSUS APPLIED VOLTAGE 

 

 
Rate of Hydrogen Production with %ITO Inclusions  

Voltage (V) 0.0625 0.125 0.25 0.5 1 

2 0.01 0.05 0.15 0.1 0.125 
4 0.02 0.066 0.125 0.225 0.45 
6 0.05 0.15 0.4 0.488 0.85 
8 0.1 0.2833 0.425 0.64 1.35 
10 0.2 0.683 0.675 1.37 1.85 
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Unlike the histograms of graphene and MWCNT, there is one start difference that can 

be almost immediately noted, and that is the progressive nature of the HPR with increasing 

concentrations. The maximum HPR at each level of applied voltage is the maximum at the 

largest concentration, which has increased with increasing concentration of ITO 

nanoparticles. The largest overall HPR for this set is around 1.8 ml/min at 1% ITO at 10V. 

 

Figure 23: Histogram mapping the HPR obtained using ITO nanoparticles vs applied         

 voltage 

On analyzing the graph, it is observed that most of the increases are two-fold. On an 

average, on doubling the voltage from 4 to 8V, there is roughly a three-fold increase in the 

HPR, and to 10V the increase is about four-fold. Comparing 0.5% and 1% ITO concentration, 

there is a two-fold increase in the HPR in almost all the columns. To obtain a better 

interpolation plot for mid-level readings, the line graph used in Figure 24 is used, in 

conjuncture with the 0% readings to compare the line slopes and rates. 

From this graph, it is observed that ITO has much lower HPR rates than the base 

electrolyte, the exception being the 1% concentration what lies higher than the 0% curve, 

below which  all the other curves lie. Although they seem to have a better HPR yield at 2V 
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compared to the carbon based nanomaterials, it can still be said that the threshold is around 

4V, as it is at this point that the slope begins to increase. Going by the trend of the lines, it is 

safe to assume that higher concentrations of ITO (>1%) would have better yields of 

hydrogen, but this has already passed beyond the range of the experiment. Although, it would 

have been interesting to see as the HPRs for the carbon-based nanomaterials begin to drop 

after 0.5%, so ITO at maybe 2% would have given a good fight. 

 

Figure 24: Graph showing the slopes of the HPR curves versus applied voltages at different                   

 levels of nanoparticle concentrations. 

To see how effective ITO nanoparticles are in increasing the HPR, we make use of the 

Effectiveness histogram, and use the effectiveness value E that can be calculated from the 

formula mentioned earlier. Figure 25 shows the histogram of the HPR as a function of the 

ITO concentrations.   

For the first time in the experiment, as seen in Figure 25, we see negative values of 

effectiveness associated with ITO. Some of these values go close to -100%, which means that 

the HPR is almost stopped completely of addition of ITO to the solutions. This is more 

pronounced in the case of the 0.0625% concentration. On increasing the concentrations, the 

effectiveness seems to become better, as it increases, although in most of the cases, still 
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below the zero mark into the negative zone. But this shows that the effectiveness is reducing, 

just like that seen in the graphs for the carbon-based nanomaterials. 

 

Figure 25: Histogram showing the % increase or decrease in HPR compared to the base    

 electrolyte at different voltages 

ITO nanomaterials result in much better HPR at lower voltages, which shows in its 

doubling at 4V. As the voltage is increased, it drops to 25%, then to 10, and then a meagre 

2% All other bars follow a similar trend more or less, except that they are inverted into the 

negative direction. The significance of the graph is that there ITO has inhibited the HPR to a 

large extent, Such that at low concentrations, there is almost 0 readings at higher voltages. So 

it seems that ITO is not an ideal choice for this kind of experiment. One of the main reasons 

that ITO performs adversely is the face that it has very poor mobility compared to graphene 

and MWCNT. This mobility is important in allowing charge carriers to hop towards their 
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respective electrodes. Moreover, ITO being more semiconducting in nature (due to its doping 

levels) conducts much lesser than the other two nanomaterials. 

In order to study how different the yields of the HPR are using different 

nanomaterials, we use head to head values of the different nanomaterials in the form of a 

histogram. The 4 columns seen in this graph are for the base electrolyte, graphene, MWCNT 

and ITO. In the following series of histograms, the HPR obtained is compared as a function 

of the type of nanomaterial, and these are shown in Figure 26. 

The five graphs seen in this figure represent the HPR at different levels of 

concentrations, compared to one another on the basis of the nanomaterial type. In all but one 

case, it can be seen that MWCNT provides a superior yield of HPR in each scenario, and can 

be approximated to about 15% more than second placed graphene. With the exception of the 

1% concentration, the third place belongs to the base electrolyte, while ITO comes last. In the 

1% concentration, the 3rd and last places are switched, with ITO marginally better than the 

base electrolyte as already seen earlier. From these graphs, it can be said that MWCNT is the 

best nanomaterial for the above experiment, owing to its unique and superior properties. This 

has made the MWCNT as the most suitable nanomaterial added to the electrolyte. 
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Fig 26: All five graphs represent the HPR versus the different voltages for different 

 instances of concentrations namely (A) 0.0625%, (B) 0.125%, (C) 0.25%, (D) 

 0.5%, and (E) 1%. The legend for the graphs is shown in instance E 

 

Also, the HPRs can be compared from the applied voltage point of view. These HPRs 

are plotted against the varying concentrations of nanomaterial inclusions, and in a way helps 

in comparing the different nanomaterials, and these graphs are plotted and presented in 

Figure 27. On looking at these graphs, it can be seen again that MWCNT perform much 
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better in almost all the scenarios. In the zero column, there is actually no nanomaterial, but is 

the base electrode, to compare the rise or fall of the HPR. It can be inferred from the graphs 

that there is a trend developed as the nanomaterial concentration increases. With GNP and 

MWCNT, the HPR increases first and then decreases.   

 

Figure 27: Comparisons made between HPRs versus different concentrations of 

nanomaterials at different voltages, (A) 4V, (B) 6V, (C) 8V and (D) 10V 

 

In order to study the complete effect of the nanomaterials, other factors were also 

taken into account, such as the role of the ionic activator and the working temperature. For 

this, one of the highest yielding electrolytes was chosen which happened to be the 0.25% 

MWCNT. Besides the amounts of sulfuric acid at 1M, new solutions were made at 2M and 

4M. The experiment was repeated only at 6V and 8V, to get an idea of the HPRs, and to 

study the comparisons. The three histograms were plotted and compared below in Figure 28. 
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Fig 28: Graph showing the HPR using 0.25% MWCNT versus different acid concentrations 

As a direct consequence of altering the molarity of the solutions, it can be seen that 

the HPR increases as the acid concentration increases. This can be attributed to the fact that 

there is a higher number of H+ ions, the charge carriers, to speed up the reaction. As a result, 

this speeds up the rate of the reaction, thus improving the kinetics of the reaction. 

Another test was conducted to analyze the effects of heat on the HPR. The electrolyte 

was heated at different temperatures, 40, 60, 80 and 100 oC, and the tests were repeated for 

0.5% graphene solution as a function of these temperatures, observed over 6V and 8V. It was 

observed that the HPR increases as the temperature is increased. This happens because there 

is sufficient heat in the system to increase the kinetics of the reaction, thus making this a 

more thermodynamically favored process. The data for this experiment is represented in 

Figure 29, and from this, we can infer that the rate of hydrogen production increases with 

increase in temperature, mainly because the reaction becomes more thermodynamically 

favorable at higher temperatures. 
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Figure 29: Graph showing the effects of temperature on the HPR 

 

Recently, new nanoscale materials and devices have been established to enhance the 

efficiencies of the novel energy materials and devices.  Even though the new nanomaterials 

improve the efficiency of the energy systems, these materials may create some uncertainties 

and risks to the human health and environment. Therefore, the future of nanoscale products 

depend mainly on public acceptance of the benefits and risks of nanomaterials used in the 

energy systems. More studies need to be performed on the new nanomaterials and devices to 

prevent their potential risks and public concerns [109]. 
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CHAPTER 5 

CONCLUSION 

On analyzing the results obtained from the experiment, it can be concluded that the 

addition of nanomaterials play a major role in altering the rate of hydrogen production, or the 

HPR. These changes depend on the nature of the nanomaterial, the amount of nanomaterial 

added, as well as external conditions such as acid/base molarity and heat of the electrolyte. 

When comparing the type of nanomaterial added, MWCNT gave the best result with the 

highest increase in the HPR compared to the other nanoscale inclusions used in this study. 

This was closely followed by graphene, and surprisingly, by the zero-level inclusion. This 

meant that ITO was placed last in this category, because it actually slowed down the HPR 

almost to zero in some cases.  

One promising aspect from the experiments is that the increases in the HPR at lower 

voltages (e.g., 4 and 6 DC V) is quite high, proving the fact that a large amount of potential 

difference is not needed to obtain a significant hydrogen production gain. These low level 

voltage readings encourage the use of this application in conjunction with renewable energy 

sources where the resulting potential difference is within this range. Higher voltages do not 

seem to affect the HPRs as much, mainly due to the fact that the voltage itself is sufficient 

enough to drive the hydrogen and oxygen reactions. Finally, increasing the molar 

concentration of hydrogen ions as well as temperature of the system both contribute 

positively, by increasing the HPR. This study will provide several benefits to the readers and 

companies in the hydrogen and oxygen production, nanotechnology and other related 

technologies and industries 

 



67 
 

Future Work 

There is still plenty of scope for the improvement of this experiment. In addition to 

the nanomaterials within the electrolyte, nanomaterials can also be tried out on the surface of 

the electrodes to further reduce the electrode resistances. A detailed study at lower voltages 

of electrolysis is highly recommended, as these binary readings make up interesting numbers. 

On the nanomaterial front, a combination of graphene and MWNCT, as well as other 

conductive and semiconductive nanomaterials can be tried out in a bid to score the most 

economical way of obtaining the highest HPR. Efforts can also be made o store the resulting 

hydrogen, by finding a safe and economical way. More ideas/trials can be implemented to 

make this an economical and commercial way of producing hydrogen. Overall, this 

experiment can also be simulated in real time, by coupling the set up to an electric source that 

is the result of renewable energy at work, such as a solar cell or wind turbine. 

  



68 
 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 



69 
 

[1] Momirlan M and Veziroglu TN, "Current Status of Hydrogen Energy" Renewable and 

Sustainable Energy Reviews" 6 141-179 (2002) 

[2] The Colorado River Commission of Nevada "World Fossil Fuel Reserves and 
Projected Depletion" (March 2002) 

[3] http://www.xroilprice.com/Uses_For_Oil.html (Last Access: October 2012) 

[4] http://www.epa.gov/cleanenergy/energy-and-you/index.html (Last Access: October 
2012) 

[5] EIA http://tonto.eia.doe.gov/energyexplained/index.cfm?page=nuclear_use, 2010, 
(Last access: November 2012) 

[6] http://www.rqriley.com/moma3.htm (Last Access: October 2012) 

[7] Mobbs, P "Nuclear Power - Only Twelve Years of Cheap Energy Left" Green Health 

Watch Magazine 12134 , Last viewed on October 2013 

[8] Bockris JOM, Conway BE, Yeager E, White RE "Comprehensive treatise of 
electrochemistry" New York, Plenum Press 1981 

[9] U.S. Geological Survey, Department of the Interior, 2010: 
http://certmapper.cr.usgs.gov/data/noga00/ natl/tabular/2010/summary_10.pdf. (Last 
access: November 2012) 

[10] BOEMRE, Department of the Interior, 2006: http://www.mms.gov/revaldiv/PDFs/ 
2006NationalAssessmentBrochure.pdf. (Last Access: November 2012) 

[11] US Nuclear Waste Technical Review Board "Uranium Supply and Demand" 
USNWTRB publication, http://www.nwtrb.gov/facts/uranium.pdf, (Last access: 
November 2012) 

[12] OECD 2010 "Uranium 2009: Resources, Production and Demand", OECD NEA 

Publication 6891, 456pp 

[13] Fetter S, "How Long Will the World's Uranium Supplies Last?" Scientific American 

March 2009 

[14] Demirmen F, "Reserves Estimation: The Challenge for the Industry" JPT (May 2007) 

[15]  Turner JA "A realizable energy source" Science 285: 687 (1999) 

[16] Gueymard CA “The sun’s total and spectral irradiance for solar energy applications 
and solar radiation models” Solar Energy 76 4 423-453 (April 2004) 

[17] Klein SA “Calculation of monthly average insolation on tilted surfaces” Solar Energy 
19 4 325-329 (1977)  

[18] Goswami DY, Vijayaraghavan S, Lu S, Tamm G “New and emerging developments 
in solar energy” Solar energy 76 1-3 33-43 (Jan-Mar 2004) 

http://www.xroilprice.com/Uses_For_Oil.html
http://www.epa.gov/cleanenergy/energy-and-you/index.html
http://www.rqriley.com/moma3.htm
http://www.nwtrb.gov/facts/uranium.pdf


70 
 

[19] Nielsen TS, Joensen A, Madsen H, Landberg L, Giebel G “A new reference for wind 
forecasting” Wind Energy 1 1 29-34 (Sep 1998) 

[20] Datta R “A method of tracking the peak power points for a variable speed wind 
energy conversion system” Energy Conversion, IEEE Transactions 18 1 163-168 
(Mar 2003) 

[21] European Wind Energy Association “Wind energy – the facts: a guide to the 
technology , economics and future of wind power" London: Earthscan (2009) 

[22] Rivinoja P, McKinnell S, Lundqvist H “Hindrances to upstream migration of Atlantic 
salmon (salmo salar) in a northern Swedish river caused by a hydroelectric power-
station“ Regul. Rivers Res. Mgmt 17 101-115  (2001) 

[23] Fridleifsson IB, “Status of geothermal energy amongst the world’s energy sources” 
Renewable and Sustainable Energy Reviews 5 3 299-312 (Sep 2001) 

[24] United States Geographical Society, circ 970 (1978) 

[25] Egbert GD and Ray RD, “Significant dissipation of tidal energy in deep ocean 
inferred from satellite altimeter data” Nature 405 775-778 (June 2000) 

[26] Bryden IG, Grinsted T, Melville GT  “Assessing the potential of a simple tidal 
channel to deliver useful energy” Applied Ocean Research 26 5 198-204 (Jul 2004) 

[27] Blunden LS, Bahaj AS, “Tidal energy resource assessment for tidal steam generators” 
Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power 

and Energy 221 2 137-146 (Mar 2007) 

[28] "Hydrogen Properties", Hydrogen Fuel Cell Engines and Related Technologies, 
(December 2001)  

[29] Zeng K, Zhang D “Recent Progress in alkaline water electrolysis for hydrogen 
production”, Progress in Energy and Combustion Science 36 307-326 (2010) 

[30] Turner JA “Sustainable hydrogen production” Science 204 972-974 (2004) 

[31] Rosen MA, Scott DS “Comparative efficiency assessments for a range of hydrogen 
production processes” International Journal of Hydrogen Energy 23 653-659 (1998) 

[32] Trommer D, Noembrini F, Fasciana A, Rodriguez D, Morales A, Romero M, et al 
“Hydrogen Production by steam-gasification of petroleum coke using concentrated 
solar power – 1. Thermodynamic and kinetic analyses” International Journal of 

Hydrogen Energy 30 605-618 (2005) 

[33] Sato S, Lin SY, Suzuki Y, Hatano H, “Hydrogen production from heavy oil in the 
presence of calcium hydroxide” 82 561-567 (2003) 

[34]  Bak T, Nowotny J, Rekas M, Sorrell CC, “Photo-electrochemical hydrogen 
generation from water using solar energy: Materials related aspects” Intl Journal of 

Hydrogen Energy 27 991-1022 (2002) 



71 
 

[35] Arashi H, Naito H, Miura H “Hydrogen production from high-temperature steam 
electrolysis using solar energy” Intl Journal of Hydrogen Energy 16 603-8 (1991) 

[36] Mishra PR, Shukla PK, Singh AK, Srivastava ON “Investigation and optimization of 
nanostructured TiO2 photoelectrode in regard to hydrogen production through 
photoelectrochemical process” International Journal of Hydrogen Energy 28 1089-
1094 (2003) 

[37]  Viswanath RP “A patent for generation of electrolytic hydrogen by a cost effective 
and cheaper route” International Journal of Hydrogen Energy 29 1191-4 (2004) 

[38] Wang L, Chen Y, Huang Q, Feng Y, Zhu S, Shen S “Hydrogen Production with 
carbon nanotubes based cathode catalysts in microbial electrolysis cells” J Chem 

Technol Biotechnol 87 1150-1156 (2012) 

[39] Nath K, Das D “Hydrogen from Biomass” Current Sci 85 265-271 (2003) 

[40] Crabtree GW, Dresselhaus MS and Buchanan MV "The Hydrogen Economy" Physics 

Today 57 12 39-46 (December 2004) 

[41] US Department of Energy, Office of Basic Energy Sciences, Basic Research Needs 

for the Hydrogen Economy, US DOE, Washington, DC (2004), available 
at http://www.sc.doe.gov/bes/hydrogen.pdf; (Last Access: February 2013) 

[42] Sakintuna B, Lamari-Darkrim F, Hirscher M "Metal Hydride materials for hydrogen 
storage: a review"  Intl J of hydrogen energy Vol 32 Iss 9 1121-1140 (June 2007) 

[43] Dillon AC, Jones KM, Bekkedahl TA, Kiang CH, Bethune DS, Heben MJ "Storage of 
hydrogen in single-wall carbon nanotubes" Nature 386 377-9, 1997 

[44] Chambers A, Park C, Terry R, Baker K, Rodriguez NM "Hydrogen storage in 
graphene nanofibers" J Phys Chem B 102 22 4253-4256 (1998) 

[45] Zaluska A, Zaluski L, Ström-Olsen JO "Nanocrystalline magnesium for hydrogen 
storage" Journal of Alloys and Compounds 288 1-2 217-225 (June 1999) 

[46] Liu C, Fan YY, Liu M, Cong HT, Cheng HM, Dresselhaus MS "Hydrogen storage in 
single-walled carbon nanotubes at room temperature" Science 5, 1999, 5442 1127-
1129, 

[47] Litster S, McLean G, "PEM Fuel Cell Electrodes" Journal of Power Sources (2004) 
Vol 130 61-76 

[48] US DoE, (http://www1.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html) 
(Last Access: March 2013) 

[49] http://www.fossil.energy.gov/programs/powersystems/fuelcells/fuelscells_phosacid.ht
ml (Last Access: March 2013) 

[50] Jules Verne, The Mysterious Island (available at http://www.literature-
web.net/verne/mysteriousisland) (1874) 

http://www.sc.doe.gov/bes/hydrogen.pdf
http://www.literature-web.net/verne/mysteriousisland
http://www.literature-web.net/verne/mysteriousisland


72 
 

[51] Hoffmann P, “The Forever Fuel: The Story of Hydrogen” Westview Press, Boulder 

CO (1981) 

[52] Wang L, Chen Y, Huang Q, Feng Y, Zhu S, Shen S "Hydrogen production with 
carbon nanotubes based cathode catalysts in microbial electrolysis cells" J Chem 

Technol Biotechnol 87 1150 - 1156 (2012) 

[53] Nageshkar, V., Srikanth, M., Jurak, E., and Asmatulu, R. “Effects of Conductive 
Nanomaterials on Hydrogen Production during Electrolysis,” ASME International 
Mechanical Engineering Congress and Exposition, San Diego, CA, November 15-21 
5 pages (2013) 

[54] Kaminski MPM "Catalytic activity of Pt-based intermetallics for the hydrogen 
production - influence of the ionic activator" Applied Catalysis A: General 321 93-99 
(2007) 

[55] Dubey PK, Sinha ASK, Talapatra S, Koratkar N, Ajayan PM, Srivastava ON 
"Hydrogen generation by water electrolysis using carbon nanotube anode" Intl J of 

Hydrogen Energy 35 3945-3950 (2010) 

[56] Gong K, Du F, Xia Z, Durstock M, Dai L "Nitrogen-doped carbon nanotube arrays 
with high electrolytic activity for oxygen reduction" Science 323 760-4 (2009) 

[57] Fang HHP, Liu H “Effect of pH on hydrogen production from glucose by a mixed 
culture” Bioresource Technology 82 87-93 (2002) 

[58] Kiuchi D, Matsushima H, Fukunaka Y, Kuribayashi K "Ohmic resistance 
measurement of bubble froth layer in water electrolysis under microgravity" J 

Electrochem Soc 153 138-43 (2006) 

[59] Matsushima H, Nishida T, Konishi Y, Fukunaka Y, Ito Y, Kuribayashi K "Water 
electrolysis under microgravity - Part 1. Experimental technique" Electrochim Acta 48 
4119-25 (2003) 

[60] Liu RS, Kuo HT, Filipek SM, Wierzbicki R, Sato R, Tsvyashchenko AV, Wu HH, 
Tsai CB, Yang CC, Asmatulu R, Ho J, and Chen YY “Calorimetric Studies of C14 
and C15 YMn2 and YMn2(H,D)6,” International Journal of Hydrogen Energy 36, pp. 
2285–2290 (2011) 

[61] Arashi H, Naito H, Miura H “Hydrogen production from high-temperature steam 
electrolysis using solar energy” Intl Journal of Hydrogen Energy 16 603-8 (1991) 

[62] Mishra PR, Shukla PK, Singh AK, Srivastava ON “Investigation and optimization of 
nanostructured TiO2 photoelectrode in regard to hydrogen production through 
photoelectrochemical process” International Journal of Hydrogen Energy 28 1089-
1094 (2003) 

[63] Viswanath RP “A patent for generation of electrolytic hydrogen by a cost effective 
and cheaper route” International Journal of Hydrogen Energy 29 1191-4 (2004) 

[64] Kim S, Koratkar N, Karabacak T, Lu TM “Water electrolysis activated by Ru nanorod 
array electrodes” International Journal of Hydrogen Energy 88 163106 (2006) 



73 
 

[65] Kim S, Koratkar N, Karabacak T, Lu T-M "Water Electrolysis by activated by Ru 
nanorod array electrodes" Appl Phys Letters 88, 2006,  2631061-3  

[66] Bard AJ, Faulkner LR "Electrochemical methods fundamentals and applications" 
Electrochemical methods fundamentals and applications 2nd ed New York, John & 
Wiley 2001 

[67] Oldham KB, Myland JC "Fundamentals of electrochemical science" 1st ed San 
Diego; Academic Press 1993 

[68] Wendt H, Kreysa G "Electrochemical Engineering" 1st ed Berlin, Heidelberg 
Springer-Verlag 1999 

[69] Geim AK, “Graphene: Status and Prospects” Science 324 1530-1534 (2009) 

[70] Geim AK and Noveselov KS, “The Rise of Graphene” Nature Materials 6 183-191 
(2007) 

[71] Gilje S, Han S, Wang M, Wang KL, Kaner B, “A Chemical Route to Graphene for 
Device Applications” Nanoletters 7 3394-8 (2007) 

[72] Berger C, Song Z, Li T, Li X, Ogbazghi AY, Feng R, Dai Z, Marchenkov AN, 
Conrad EH, First PN, de Heer WA, “Ultrathin epitaxial graphite: 2D electron gas 
properties and a route toward graphene-based nanoelectronics” J Phys Chem B 108 
19912-19916 (2004) 

[73] Berger C, Song Z, Li X, Wu X, Brown N, Naud C, Mayou D, Li T, Hass J, 
Marchenkov AN, Conrad EH, First PN & de Heer WA "Electronic   confinement and 
coherence in patterned epitaxial graphene" Science 312 1191- 1196 (2006) 

[74] Ohta T, Bostwick A, Seyller T, Horn K, Rotenberg E, “Controlling the Electronic 
Structure of bilayer graphene” Science 313 951-954 (2006) 

[75] Stankovich S, Dikin DA, Piner RD, Kohlhass KA, Kleinhammes A, Jia Y, Wu Y, 
Nguyen S, Ruoff RS, “Synthesis of Graphene-based nanosheets via chemmical 
reduction of exfoliated graphene oxide” Carbon 45 1558 (2007) 

[76] Alwarappan S, Erdem A, Liu C, Li CZ, “Probing the Electrochemical Properties of 
Graphene Nanosheets for Biosensing Applications” J Phys Chem C 113, 8853-7 
(2009) 

[77] “A smarter way to grow graphene” phys.org/news129980833.html (Last Access Apr 
2013) 

[78] Jiao L, Zhang L, Wang X, Diankov G, Hai H, “Narrow Graphene Nanoribbons from 
CNT” Nature 458 877-890 (2009) 

[79] Kosynkin DV, Higginbotham AL, Sinitskii A, Lomeda JR, Dimiev A, Price BK, 
“Longitudinal Unzipping of CNT to form Graphene nanoribbons” Nature 458 872-
876 (2009) 



74 
 

[80] “Polish Team Claims Leap for Wonder Material Graphene” 
www.phys.org/news/2011-04-team-material-graphene.html (Last Access: April 2013) 

[81] Pereira VM, Castro Neto AH, Peres NMR, “A Tight –Binding Approach to Uniaxial 
Strain in Graphene” arxiv:0811.4396 (Last Access: Apr 2013) 

[82] Iijima S. "Helical microtubules of graphitic carbon". Nature 354 6348 56–58 (1991) 

[83] Guo T, Nikolaev P, Rinzler AG, Tomanek D, Colbert DT, Smalley RE, "Self-
Assembly of Tubular Fullerenes". J. Phys. Chem. 99 27 10694–10697 (1995)  

[84] Kim KS, Cota-Sanchez G, Kingston C, Imris M, Simard B, Soucy G, "Large-scale 
production of single-wall carbon nanotubes by induction thermal plasma". Journal of 

Physics D: Applied Physics 40 2375 (2007)  

[85]  Walker Jr. PL, Rakszawski JF, Imperial GR "Carbon Formation from Carbon 
Monoxide-Hydrogen Mixtures over Iron Catalysts. I. Properties of Carbon Formed". 
J. Phys. Chem. 63 2 (1959) 

[86] José-Yacamán M, Miki-Yoshida, M, Rendón L, Santiesteban J G "Catalytic growth of 
carbon microtubules with fullerene structure". Appl. Phys. Lett. 62 (6): 657 (1993) 

[87] Yamada T, Namai T, Hata K, Futaba DN, Mizuno K, Fan J, et al. "Size-selective 
growth of double-walled carbon nanotube forests from engineered iron catalysts". 
Nature Nanotechnology 1: 131–136 (2006) 

[88] Kreupl F, Graham AP, Leibau M, Duesberg GS, Seidel R, Unger E “Carbon 
nanotubes for interconnect applications” Microelectronic Engineering 64 399-408 
(2002) 

[89] Collins PG “Nanotubes for electronics” Scientific American 67-69 (2000) 

[90] Hong S, Myung S “Nanotube electronics: A flexible approach to mobility” Nature 

Nanotechnology 2 207-208 (2007) 

[91] "Beyond Batteries: Storing Power in a Sheet of Paper". Eurekalert.org. August 13, 
2007. (Last Access: June 2013) 

[92] "New Flexible Plastic Solar Panels Are Inexpensive And Easy To Make". 
ScienceDaily.( July 19, 2007) 

[93] Halber, Deborah. MIT LEES on Batteries. Lees.mit.edu. (Last Access: June 2012) 

[94] Ting JM, “Multijunction carbon nanotube network” Applied Physical Letters 80 2 
324-325 (2002) 

[95] Lee NS, Chung DS, Han IT, Kang JH, Choi YS, Kim HY, Park SH, Jin YW, Yi WK, 
Yun MJ, Jung JE, Lee CJ, You JH, Jo SH, Lee CG, Kim JM; “Application of carbon 
nanotubes to field emission displays” Diamond and Related Materials 10 2 265-270 
(2001) 

http://www.phys.org/news/2011-04-team-material-graphene.html
http://www.pa.msu.edu/cmp/csc/eprint/DT085.pdf
http://www.pa.msu.edu/cmp/csc/eprint/DT085.pdf
http://www.eurekalert.org/pub_releases/2007-08/rpi-bbs080907.php
http://www.sciencedaily.com/releases/2007/07/070719011151.htm
http://lees.mit.edu/lees/battery_001.htm


75 
 

[96] Sgobba V, Guldi DM “Carbon nanotubes – electronic/electrochemical properties and 
application of nanoelectronics and photonics” Chemical Society Reviews 38 165-184 
(2009) 

[97] Spitalski Z, Tasis D, Papagelis K, Galiotis C “Carbon nanotube-polymer composites: 
Chemistry, processing, mechanical and electrical properties” Progress in Polymer 

Science 35 3 357-401 (2010) 

[98] Coleman JN, Khan U, Blau WJ, Gunko YK "Small but strong: A review of the 
mechanical properties of carbon nanotube–polymer composites". Carbon 44: 1624–
1652 (2006) 

[99] Ramasubramaniam R, Chen J, Liu H “Homogenous carbon nanotube/polymer 
composites for electrical applications” Applied Physical Letters 83 2928-2931 (2003) 

[100] Mizuhashi M, “Electrical properties of vacuum-deposited indium oxide and indium 
tin oxide films” Thin Solid Films 70 1 91-100 (1980) 

[101] Kim JS “Indium-tin oxide treatments for single- and double-layer polymeric light 
emitting diodes: The relation between anode physical, chemical, and morphological 
properties and the device performances” Journal of Applied Physics 84 12 6859-6870 
(1998) 

[102] Ederth J, Heszler P, Huttaker A, Niklasson GA, Granqvist GA “Indium tin oxide 
films made from nanoparticles: models for the optical and electrical properties” Thin 

Solid Films 445 2 199-206 (2003) 

[103] Minami T “Substitution of transparent conducting oxide films for indium tin oxide 
transparent electrodes” Thin Solid Films 516 7 1314-1321 (2008) 

[104] Lee BH, Kim IG, Cho SW, Lee SH “Effect of process parameters on the 
characteristics of indium tin oxide thin film for flat panel display application” Thin 

Solid Films 302 25-30 (1997) 

[105] Park SK, Han JI, Kim WK, Kwak MG “Deposition of indium tin oxide films on 
polymer substrates for application in plastic based flat panel displays” Thin Solid 

Films 397 49-55 (2001) 

[106] Wu CC, Wu CI, Sturm JC, Kahn A “Surface modification of indium tin oxide by 
plasma treatment: an effective method to improve the efficiency , brightness and 
reliability of organic light emitting devices” Applied Physical Letters 70 11 1348-
1350 (1997) 

[107] Tak YH, Kim KB, Park HG, Lee KH, Lee JR “Criteria for ITO (indium-tin-oxide) 
thin film bottom electrode of an organic light emitting devices” Thin Solid Films 411 
1 12-16 (2002) 

[108] Kim H, Gilmore CM, Pique A, Horwitz JS “Electrical, optical and structural 
properties of indium-tin-oxide thin films for organic light emitting devices” Journal 

of Applied Physics 86 11 6451-6461 (1999) 



76 
 

[109] Asmatulu R., Nanotechnology Safety, Elsevier, Amsterdam, The Nederland, August, 
2013. 

 


