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Abstract- Skyrocketing oil prices, concerns about the environment from increasing greenhouse emissions, and the desire to 
save the planet from environmental disasters and degradations, have turned wide attention to alternative energy. Energy 
generations from conventional fossil fuels have been identified as the main culprit of environmental quality degradation and 
environmental pollution. In order to address these issues, nanotechnology plays an essential role in revolutionizing the 
device applications for energy conversion, storage and environmental monitoring. Nano-structured materials are central to 
the evolutionary developments of existing technologies as can be clearly noticed in the reduction in size of electronics 
devices. The benefit of narrowly spaced interfaces also results in rapid energy storage due to the reduction of the effective  
diffusion path. This review mainly describes the recent progress in the fabrication and atomic layer deposition of Nano-

structured semiconductor materials for energy and environmental applications. In this review, potential applications of 
energy conversion (solar cells, fuel cells) and storage properties of Li – ion battery and Super-capacitor were discussed. 
Atomic layer deposition (ALD) is a thin film technology that in the past few decades rapidly developed from a niche 
technology to an established method. In this progress report, the use of (ALD) for the engineering of nanostructures targeting 
applications in energy conversion and storage, and on environmental issues, were discussed. This paper thus emphasizes 
fundamental understanding and novel concepts at nano – size for the development of excellent materials which achieve 
efficient energy conversion and storage; both of which are vital in facing the challenges posed by global warming. 
                             

Keywords- Nanostructured Materials, Li – ion Battery, Atomic Layer Deposition (ALD), Supercapacitors, Solar Cells, Fuel 
Cells. 

 

I. INTRODUCTION 

 

Energy and environment are the biggest challenges of 

the 21st century. It is ironic that such big problems 

may be solved by something very small. 

Nanomaterials, with attractive chemical and physical 

properties, are being explored for their potential in 

energy and environmental applications. It is estimated 
that the world will need to double its energy supply 

by 2050. Nanotechnology has opened up new 

frontiers in materials science and engineering to meet 

this challenge by creating new materials, for efficient 

energy conversion and storage. Researchers all over 

the world are exploring materials that can help 

produce cleaner and more efficient sources of energy. 

Clean energy conversion, hydrogen generation and 

storage, fuel cells, green manufacturing and biofuels 

are all subjects of active research. The worldwide 

energy demand is continuously growing and, 

according to the forecasts of the International Energy 
Agency (IEA), it is expected to rise by approximately 

50 percent until 2030. Currently, over 80% of the 

primary energy demand is covered by fossil fuels. 

Although their reserves will last for the next decades, 

they will not be able to cover the worldwide energy 

consumption in the long run. In view of possible 

climatic changes due to the increase in the 

atmospheric CO2 – content as well as the conceivable 

scarcity of fossil fuels, it becomes clear that future 

energy supply can only be guaranteed through 

increased use of renewable energy sources.  

The importance of developing new types of energy is 

evident from the fact that the global energy 

consumption has been accelerating at an alarming 

rate due to the rapid economic expansion worldwide, 

increase in world population, and ever increasing 

human reliance on energy based appliances. It was 

estimated that the world will need to double its 

energy supply by 2050. To this end, advanced 
technologies for both energy conversion (e.g., solar 

cells, fuel cells) and storage (e.g., supercapacitors and 

batteries) are being extensively studied around the 

world [1]. High – performance electrical energy 

storage devices, such as supercapacitors, are essential 

for grid energy storage, electric vehicles, plug – in 

hybrid vehicles, power tools, mobile electronics, to 

name but a few. Therefore, building supercapacitors 

with both high energy density and power density 

remains a challenge for materials scientists. Lithium – 

ion batteries are the state-of-the-art power sources for 

modern portable electronic devices such as cellular 
phones, notebook computers and camcorders, 

offering high energy density, flexible and light-

weight design, and longer service life. Li-ion batteries 

are increasingly being used by virtue of their high 

(volumetric and gravimetric) energy density. Current 

research is focusing on the development and 

discovery of new materials that deliver an even 

higher performance. The ultimate aim for the future is 

the electric car, in which energy is stored entirely in 

the form of batteries and which represents a viable 

alternative to a vehicle driven by hydrogen. Solid 
Oxide Full Cells (SOFCs) are very promising high 
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temperature devices for conversion of chemical 

energy to electrical power. The solar cell industry has 
grown quickly in recent years due to strong interest in 

renewable energy and the problem of global climate 

change. 

 

II. ATOMIC LAYER DEPOSITION FUELS 

FUTURE SOLUTIONS TO NATION’S ENERGY 

CHALLENGES 

 

Recently, with scaling down of semiconductor 

devices, need for nanotechnology has increased 

enormously. For nanoscale devices especially, each 

of the layers should be as thin and as perfect as 
possible. Thus, the application of atomic layer 

deposition (ALD) to nanofabrication strategies 

compared to other thin film deposition techniques. 

More efficient and less costly solar cells, solid-state 

lighting and industrial catalysts are potential 

applications of atomic layer deposition (ALD), a 

technique that many potential researchers around the 

globe are working to perfect. Other potential 

applications are improved superconductors and 

separation membranes. ALD is a thin-film growth 

technique that offers the unique capability to coat 
complex, three-dimensional objects with precisely 

fitted layers.  

 

2.1. Atomic Layer Deposition Applications 

ALD can be used for many applications including: 

 Storage capacitor dielectrics. 

 Pinhole-free passivation layers for OLEDs 

and polymers. 

 Passivation of crystal silicon solar cells. 

 A high aspect ratio diffusion barrier for Cu 

interconnects. 

 Adhesion layers. 

 Organic semiconductors. 

 Highly conformal coatings for microfluidic 

and MEMS applications. 

 Other nanotechnology and nano-electronic 

applications. 

 Coating of nanoporous structures. 

 Fuel cells, e.g. single metal coating for 

catalyst layers. 

 Bio MEMS.  

    

2.2. Technology Basics 

 

ALD is an enabling technology for new and improved 

products. It provides coatings and material features 

which either cannot be achieved cost–efficiently with 

existing techniques, or they cannot be achieved at all. 

ALD, as a thin film coating method, offers: 

 Precise control of the film thickness, at true 

nanometer scale. 

 Pinhole–free films for, e.g., superior barriers 

and surface passivation. 

 Conformal coating of batches, large–area 

substrates and complex 3D objects, including porous 
bulk materials, as well as powders. 

 Engineered and new functional materials 

and structures, such as nanolaminates. 

 A highly repeatable and scalable process. 

 

 

2.3. ALD Coating Process 

ALD is based on surface controlled thin film 

deposition. During coating, two or more chemical 

vapors or gaseous precursors react sequentially on the 

substrate surface, producing a solid thin film, as 
shown in fig. 1 below. Most ALD coating systems 

utilize a flow–through traveling wave setup, where an 

inert carrier gas flows through the system and 

precursors are injected as very short pulses into this 

carrier flow. The carrier gas flow takes the precursor 

pulses as sequential “waves” through the reaction 

chamber, followed by a pumping line, filtering 

systems and, eventually, a vacuum pump. 

 
Fig.1. ALD Coating Process 

 

2.4. Four Main Types of ALD Reactors 

• Closed system chambers (most common). 
• Open system chambers. 

• Semi-closed system chambers. 

• Semi-open system chambers.  

Closed system chambers (most common): The 

reaction chamber walls are designed to affect the 

transport of the precursors. The closed ALD reactor is 

shown in fig.2 below. 

 
Fig.2. Closed ALD reactor [2] 

 

III. SUPERCAPACITORS FOR ENERGY 

STORAGE 

                         

In response to the changing global landscape, energy 

has become a primary focus of the major world 

powers and scientific community. There has been 
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great interest in developing and refining more 

efficient energy storage devices [3]. One such device, 
the supercapacitor, has matured significantly over the 

last decade and emerged with the potential to 

facilitate major advances in energy storage. 

Supercapacitors, also known as ultracapacitors or 

electrochemical capacitors, Utilize high surface area 

electrode materials and thin electrolytic dielectrics to 

achieve capacitances several orders of magnitude 

larger than conventional capacitors [4]. Fig. 3(a and 

b) below shows the conventional capacitor and the 

electrochemical double-layer capacitor respectively. 

 

 
Fig. 3(a). Diagram of conventional capacitor 

 

 
Fig. 3(b). Electrochemical double-layer capacitor (EDLC) 

 

Supercapacitors, Ultracapacitors or EDLC (Electric 

Double Layer Capacitors) as they are also called, 

look very much like batteries. They have double layer 

construction consisting of two carbon electrodes 

immersed in an organic electrolyte. Fig. 4 below 

shows the construction of the EDLCs.  

 
Fig.4. The construction of the EDLCs 

 

During charging, the electrically charged ions in the 

electrolyte migrate towards the electrodes of opposite 

polarity due to the electric field between the charged 

electrodes created by the applied voltage. Thus two 

separate charged layers are produced. Although 

similar to a battery, the double layer capacitor 

depends on electrostatic action. Since no chemical 
action is involved the effect is easily reversible and 

the typical cycle life is hundreds of thousands of 

cycles [5]. 
 

3.1. Lithium-Ion Batteries for Stationary Energy 

Storage 

Lithium-ion (Li-ion) batteries offer high energy and 

power density, making them popular in a variety of 

mobile applications from cellular telephones to 

electric vehicles. Li-ion batteries operate by 

migrating positively charged lithium ions through an 

electrolyte from one electrode to another, which 

either stores or discharges energy, depending on the 

direction of the flow [6]. Moreover, there is an 

increasing market share for storage batteries for 
environmentally friendly electric vehicles to reduce 

carbon dioxide emissions. Research and development 

work, as well as verification tests, on power storage 

and load stabilization for battery applications in 

renewable energy systems, such as wind-farm and 

mega-solar power generation, are gaining social 

attention. The principle of operation of the Lithium – 

ion battery is shown in fig. 5 and fig. 6 below.  

 

 
Fig. 5. Principle of Operation of Lithium – ion Battery 

 

 

Fig. 6. Working principle the Li-ion battery 

 

Lithium-ion batteries are a type of rechargeable 

battery in which a lithium ion moves between the 

anode and cathode [7]. The lithium ion moves from 

the anode to the cathode during discharge and from 

the cathode to the anode when charging. They are 

currently one of the most popular types of battery for 
portable electronics, with one of the best energy-to-

weight ratios, no memory effect, and a slow loss of 

charge when not in use. In addition to uses for 

consumer electronics, lithium-ion batteries are 

growing in popularity for defense, automotive, and 

aerospace applications due to their high energy 

density. The three primary functional components of 

a lithium ion battery are the anode, cathode, and 

electrolyte, for which a variety of materials can be 
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used. Commercially, the most popular material for 

the anode is graphite. The cathode is generally one of 
three materials: a layered oxide, such as lithium 

cobalt oxide, one based on a polyanion, such as 

lithium iron phosphate, or a spinel, such as lithium 

manganese oxide, although materials such as TiS2 

(titanium disulfide) were originally used. 

 

3.2. Cycle Life of Lithium-ion batteries 

Battery cycle life is the total number of discharge-

charge cycles. A battery yields before it can no longer 

hold a useful amount of charge. Estimating the cycle 

life of a rechargeable Li-Ion battery is difficult 

because cycle life is affected by the average operating 
temperature of the battery and its energy discharge 

rate. Fig.7(a) below shows the Discharge Cycle of Li 

– ion batteries. 

 
Fig.7 (a). Discharge Cycle of Li – ion Batteries 

 

3.3. Li – ion Battery Capacity 

Battery capacity is expressed in ampere-hours (Ah). 

Battery energy, expressed in watt-hours (Wh), is the 

product of the battery capacity (Ah) and the battery 

voltage (V). The operating voltage range of a Li – ion 

battery pack remains relatively constant throughout 
its useful life; however, its capacity begins to 

decrease in a roughly linear manner as soon as it is 

put into service. Over time, the actual battery capacity 

decreases due to electrochemical inefficiencies within 

each cell. This loss in capacity (aging) is irreversible; 

it cannot be restored by cycling the battery. A 

practical way to express the actual capacity of a 

battery over time is called full charge capacity (FCC). 

FCC is expressed as a percentage of the initial rated 

capacity of the battery [8]. Under normal discharge 

loads, Li-ion batteries have a life span of between 300 

and 500 cycles. With moderate use, Li-ion batteries 
are expected to deliver approximately 80% of their 

rated capacity after 300 cycles or about one year of 

use. Fig. 7(b) below shows the moderate usage of 

fully charged Li – ion battery. Full charge capacity 

with moderate use is about 80% after 300 cycles. 

 

 
Fig. 7(b). Moderate Usage of Fully Charged Li – ion Battery 

IV. NANOSTRUCTURED SOLAR CELLS FOR 

ENERGY & ENVIRONMENTAL 

APPLICATIONS 

 

4.1. Nanostructured Solar Cells for Energy 

Applications 

The Sun is by far the most abundant form of 

renewable energy available on our planet. The 

amount of energy that Earth receives from the Sun is 

immense, in fact, it has been calculated that the 

amount of solar energy that Earth receives in one 

minute from the Sun would be enough to satisfy the 

energy needs of entire human population for one 

year. The world, however, uses only a tiny fraction of 
totally available solar energy. Sunlight is made out of 

tiny energy pockets called photons and that each 

individual solar cell is designed with a positive and 

negative layer thus being able to create an electric 

field similar to the one in batteries. The schematic 

representation of a solar cell showing the n-type and 

p-type layers, with a close-up view of the depletion 

zone around the junction between the n-type and p-

type layers is shown in figure fig. 8(a) below. 

 

 
Fig. 8(a). Schematic representation of a solar cell 

 

A solar cell is made of two types of semiconductors, 

called p-type and n-type silicon. The p-type silicon is 

produced by adding atoms such as boron or gallium 

that have one less electron in their outer energy level 

than silicon.  Because boron has one less electron 

than is required to form the bonds with the 

surrounding silicon atoms, an electron vacancy or 

“hole” is created. 
The n-type silicon is made by including atoms that 

have one more electron in their outer level than 

silicon, such as phosphorus. Phosphorus has five 

electrons in its outer energy level, not four. It bonds 

with its silicon neighbour atoms, but one electron is 

not involved in bonding. Instead, it is free to move 

inside the silicon structure. 

A solar cell consists of a layer of p-type silicon 

placed next to a layer of n-type silicon (Fig. 8a). In 

the n-type layer, there is an excess of electrons, and in 

the p-type layer, there is an excess of positively 
charged holes (which are vacancies due to the lack of 

valence electrons). Near the junction of the two 

layers, the electrons on one side of the junction (n-

type layer) move into the holes on the other side of 
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the junction (p-type layer) [9]. This creates an area 

around the junction, called the depletion zone, in 
which the electrons fill the holes. 

When all the holes are filled with electrons in the 

depletion zone, the p-type side of the depletion zone 

(where holes were initially present) now contains 

negatively charged ions, and the n-type side of the 

depletion zone (where electrons were present) now 

contains positively charged ions. The presence of 

these oppositely charged ions creates an internal 

electric field that prevents electrons in the n-type 

layer to fill holes in the p-type layer. 

When sunlight strikes a solar cell, electrons in the 

silicon are ejected; this results in the formation of 
“holes” - the vacancies left behind by the escaping 

electrons. If this happens in the electric field, the field 

will move electrons to the n-type layer and holes to 

the p-type layer. If you connect the n-type and p-type 

layers with a metallic wire, the electrons will travel 

from the n-type layer to the p-type layer by crossing 

the depletion zone and then go through the external 

wire back of the n-type layer, creating a flow of 

electricity. Fig. 8(b) below shows the energy 

conversion process (from Sunlight to Electricity). 

 

 
Fig. 8(b): energy conversion process (from Sunlight to 

Electricity) 

 

4.2. Nanostructured Solar cells for Environmental 

Applications 

 

1. Solar Reduces Air Pollution: 

When fossil fuels are burned, particulate matter is 

released into the air, regardless of efforts to reduce 

these emissions. The result can affect the 

environment in the form of smog, and in certain 

cities, this can pose serious health problems for 
residents. Also, carbon monoxide is created when 

fuel combustion is incomplete. This gas is a health 

hazard, even in low doses. Energy produced by solar 

systems does not contribute to air pollution.  

 

2. No Effect on Climate: 

Greenhouse gases, notably CO2 (carbon dioxide), are 

produced when fossil fuels are burned. Many 

scientists now believe these gases may be affecting 

our climate. CO2 can create a "greenhouse effect" in 

the atmosphere, causing global warming. This may 
lead to an increase in hurricanes, flooding and other 

weather conditions that can result in injuries, deaths 

and loss of property. No combustion takes place in 

solar energy systems.  
 

3. No Effect on the Landscape: 

Some coal is obtained by "strip mining," where a 

large surface area of ground is stripped of vegetation. 

Flooding can be made worse by this process, 

especially when it is done on mountains, which has 

caused great loss of property in some areas. So,  

 Solar Energy is clean, renewable (unlike gas, 

oil and coal) and sustainable, helping to protect our 

environment. 

 It does not pollute our air by releasing 

carbon dioxide, nitrogen oxide, sulphur dioxide or 
mercury into the atmosphere like many traditional 

forms of electrical generations does.  

 Solar Energy does not contribute to global 

warming, acid rain or smog. 

 It actively contributes to the decrease of 

harmful green house gas emissions, etc. 

 

 

V. NANOSTRUCTURED FUEL CELLS FOR 

ENERGY APPLICATIONS 

 
Storing energy is important for both long-term and 

short-term uses. Fuel cells are expected to soon 

become a source of low- to zero-emission power 

generation for applications in portable technologies 

and electric vehicles. Allowing development of high 

quality solid electrolytes and production of smaller 

fuel cells, significant progress has been made in the 

development of fuel cell membranes using 

nanotechnology. Nanostructures have been 

recognized as critical elements to improve the 

performance of fuel cell membranes.                                                                      
 

5.1. Fuel cell operation 

The fuel cell is an electrochemical devise, which 

converts chemical energy of the fuel to electricity by 

combining gaseous hydrogen with air in the absence 

of combustion. The basic principles of operation of 

the fuel cell is similar to that of the electrolyser in 

that the fuel cell is constructed with two electrodes 

with a conducted electrolyte between them. Two 

main electrochemical reactions occur in the fuel cell. 

One at the anode (anodic reaction) and one at the 

cathode [10].                                         
 

At the anode, the reaction releases hydrogen ions and 

electrons whose transport is crucial to energy 

production: H22H+ + 2e-.  
The hydrogen ion on its way to the cathode passes 

through the polymer membrane while the only 

possible way for the electrons is though an outer 

circuit. The hydrogen ions together with the electrons 

of the outer electric circuit and the oxygen which has 

diffused through the porous cathode reacts to water: 

2H+ + ½ O2 + 2e- H2O. 
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The water resulting from this reaction is extracted 

from the system by the excess air flow. The reaction 

is: H + ½ O2 H2O  

       
(a)                                  (b) 

Fig. 9: Diagrammatic representation of a Proton Exchange 

Membrane (PEM) and an Alkaline (AFC) respectively [11] 

 

Alkaline fuel cell (AFC): This is one of the oldest 

designs for fuel cells; the United States space 

program has used them since the 1960s. The AFC is 

very susceptible to contamination, so it requires pure 

hydrogen and oxygen. It is also very expensive, so 

this type of fuel cell is unlikely to be commercialized. 

 

 
Fig. 10. Schematic representation of the working principle for a 

Fuel cell 

 

5.2. Fuel Cells: Environmental Benefits 

The environmental impact of fuel cells depends on 

the type of cell and the fuel being used. Fuel cells can 
run on a variety of sources, from natural gas to 

hydrogen to ethanol to biogas. Those that run on 

hydrogen can sometimes produce a by-product of 

water or heat, though hydrogen fuel cells are 

considered more difficult to work with because of 

transportation and storage. Environmental benefits of 

Fuel Cells include:  

1, Fuel conservation  

2, Combined heat and power 

3, Infinitely Renewable 

4, Fuel cells can help to reduce air pollution 
5, Reduced global warming:  Fuel cells can help 

prevent global warming by reducing greenhouse gas 

emissions and prompting alternative fuel options 

[12]. 
 

VI. CONCLUSION 

 

We use vast amounts of energy to power our 

electronics devices, and to provide electricity, on 

which our society has become dependent. Much of 

this energy in the past has come from the combustion 

of fossil fuels, such as coal, oil and natural gas. We 

have become aware that these resources are not 

endless, and that burning them to produce energy 

releases gases and airborne particles, it also has been 

identified as the main culprit of environmental quality 
degradation and environmental pollution. In order to 

address these issues, nanotechnology plays an 

essential role in revolutionizing the device 

applications for energy conversion and storage. In 

this review, potential applications of energy 

conversion e.g., solar cells, fuel cells and storage 

properties of Li – ion battery, supercapacitor, were 

discussed. 
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