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‘The Science of Small’ 
 

Why does size matter?  

 

What is so special about nano-sized materials?  

 

 How are their properties different from those of 

‘conventional’ bulk materials?  

 

 

Some fundamental aspects of Nanoscience that are 

essential for understanding the exceptional properties of 

nanomaterials and the implications that these effects have 

on the properties of materials.  
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Physics at the nanoscale  

Nanomaterials are closer in size to single atoms and molecules and to 

explain their behaviour, it is necessary to use quantum mechanics.  

 

Quantum mechanics is a scientific model that was developed for 

describing the motion and energy of atoms and electrons.  

 

A brief summary of the most salient quantum effects, together with other 

physical properties that are relevant at the nanoscale:  

 

Due to the smallness of nanomaterials, their mass is extremely small and 

gravitational forces become negligible. Instead, electromagnetic forces are 

dominant in determining the behaviour of atoms and molecules.  

 

Wave-corpuscle duality of matter: for objects of very small mass, such as 

the electron, wave like nature has a more pronounced effect. Thus, 

electrons exhibit wave behaviour and their position is represented by a 

wave (probability) function. 
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Physics at the nanoscale (Cont.)  
One of the consequences is a phenomenon called tunnelling. Classic physics states that a 

body can pass a barrier (potential barrier) only if it has enough energy to ‗jump‘ over it. 

Therefore, if the object has lower energy than that needed to jump over the energy barrier 

(the ‗obstacle‘). 

 

• In classic physics, the probability of finding the object on the other side of the barrier 

is zero.  

• In quantum physics, a particle with energy less than that required to jump the barrier 

has a finite probability of being found on the other side of the barrier.  

 

So, one can imagine that the particle passes into a ‗virtual tunnel‘ through the barrier. 
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Physics at the nanoscale (Cont.)  

In order to have a tunnel effect, the ‘thickness’ of the barrier must 

be comparable to the wavelength of the particle and, therefore, 

this effect is observed only at nanometre level.  

 

So, electron (or quantum) tunnelling is attained when a particle (an 

electron) with lower kinetic energy is able to exist on the other side 

of an energy barrier with higher potential energy, thus challenging a 

fundamental law of classic mechanics.  

 

Tunnelling is the penetration of an electron into an energy region 

that is classically forbidden.  

 

Tunnelling is a fundamental quantum effect and it is the basis of a 

very important instrument for imaging nanostructured surfaces called 

the Scanning Tunnelling Microscope (STM).  
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Physics at the nanoscale (Cont.)  
Example 1: Determine the de Broglie wavelength of a 0.200kg ball moving at 

15.0m/s. 

λ= h/ mv   ,  λ=  6.63x 10-34/ 0.200(15.0)   ,   λ=2.21x 10-34 m  

Example 2: Determine the wavelength of an electron accelerated by a 100V 

potential difference. 

First calculate the velocity of the electron using formulas, 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

      λ=1.22794623189x 10-10 =1.23x 10-10 m 
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Quantum confinement: in a nanomaterial, such as a metal, 

electrons are confined in space rather than free to move in the bulk 

of the material.  

 

Quantization of energy: electrons can only exist at discrete 

energy levels. Quantum dots are nanomaterials that display the 

effect of quantization of energy.  

 

Increased surface-to-volume ratio: one of the distinguishing 

properties of nanomaterials is that they have an increased surface 

area.  

Physics at the nanoscale (Cont.)  
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Chemistry at the nanoscale  
Nanomaterial is formed of at least a cluster of atoms, often a cluster of molecules. 

It follows that all types of bonding that are important in chemistry are also 

important in nanoscience. They are generally classified as:  

 

Intramolecular bonding (chemical interactions): these are bondings that involve 

changes in the chemical structure of the molecules and include ionic, covalent and 

metallic bonds;  

 

Intermolecular bonding (physical interaction): these are bondings that do not 

involve changes in the chemical structure of the molecules and include ion-ion and 

ion-dipole interactions; van der Waals interactions; hydrogen bonds; hydrophobic 

interactions; repulsive forces.  
 

 

Hydrogen bond is the electromagnetic attractive interaction between polar molecules, in 

which hydrogen is bound to a highly electronegative atom, such as nitrogen, oxygen or 

fluorine 
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Molecules as devices  
In nanoscience, macromolecules are often considered as ‗devices‘ 

that, for instance, can trap or release a specific ion under certain 

environmental conditions. A biological example of such a 

macromolecule is ferritin. Therefore, in nanoscience and 

nanotechnologies, where molecules can themselves be devices, 

bonds may also be device components. The use of molecules as 

molecular switches, actuators and electronic wires are good 

examples.  
 

 

 

 

 

 

 

 
Ferritin is an abundant intracellular protein that stores iron and releases it in a controlled fashion. The 

protein is produced by almost all living organisms, including algae, bacteria, higher plants, and animals. 
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Unique material properties at the nanoscale 

Surface properties: Regardless a bulk material or a nanoscale 

material, its physical and chemical properties depend on many of its 

surface properties. Surfaces perform numerous functions:  

 

• they keep things in or out;  

• they allow the flow of a material or energy across an interface;  

• they can initiate or terminate a chemical reaction, as in the case of 

catalysts.  

 

The term interface, rather than surface, is often used, to emphasize 

the fact that it is a boundary between two phases: the material and the 

surrounding environment (liquid, solid or gas).  
 



12 

Schematic drawing showing how surface to volume increases as size is decreased  

If a bulk material is subdivided into an collaborative of individual 

nanomaterials, the total volume remains the same, but the collective 

surface area is greatly increased. This is shown schematically in Figure. 

Surface properties (Cont.) 
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Graphs of surface area, A against volume, V of the Platonic solids and a 

sphere, showing that the surface area decreases for rounder shapes, and the 

surface-area-to-volume ratio decreases with increasing volume. 

Surface properties (Cont.) 

• Tetrahedron 

• Cube 

• Octahedron 

• Dodecahedron 

• Icosahedron 

• Sphere 
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Surface properties (Cont.) 
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How would the total surface area increase if a cube of 1 m3
 were progressively cut 

into smaller and smaller cubes, until it is composed of 1 nm3
 cubes?  

 

 

 

 

 

 

 

 

Table  summarizes the results.  

 Size of cube side   Number of cubes   Collective surface area 

 1 m    1    6 m2
   

 0.1 m    1 000    60 m2
   

 0.01 m = 1 cm   106
 = 1 million   600 m2

   

 0.001 m = 1 mm   109
 = 1 billion   6 000 m2

   

 10-9
 m = 1 nm   1027

    6 x 109
 = 6 000 km2

  

 

  

 The consequence is that the surface-to-volume ratio of the material — 

 compared to that of the parent bulk material — is increased.  
  

Surface properties (Cont.) 



16 

Graphical Representation of Surface Atoms vs Dimension 
The surface atom percentage (compared to the total volume) of a Pseudospherical metal 

particles is shown graphically. Pseudospherical implies that the metal particle is not in the 

form of a perfect sphere. It is apparent from the graph that the ratio of surface atoms 

increases dramatically as particles become smaller. In many nanomaterials, some structures 

actually can be considered to be all surface. 
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The importance of surface atoms  
In surface science, the chemical groups that are at the material 

interface determine its properties. Properties like catalytic reactivity, 

electrical resistivity, adhesion, gas storage and chemical reactivity 

depend on the nature of the interface. 

 

Nanomaterials have a significant proportion of atoms existing at 

the surface. This has a profound effect on reactions that occur at the 

surface such as catalysis reactions, detection reactions, and 

reactions that, to be initiated, require the physical adsorption of 

certain species at the material‘s surface.  

 

The fact that in a nanomaterial a larger fraction of the atoms is at the 

surface influences some physical properties such as the melting 

point. Given the same material, its melting point will be lower if it is 

nano-sized. Surface atoms are more easily removed than bulk atoms, 

so the total energy needed to overcome the intermolecular forces that 

hold the atom ‗fixed‘ is less, thus the melting point is lower.  
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Figure: The ratio between the height (h) and the diameter (d) determines whether a 

shape is like a wire or a disc: shape influences surface area. 

Shape also matters  
The surface area depends on the shape of the material. A simple 

example is a sphere and a cube having the same volume. The cube 

has a larger surface area than the sphere. For this reason, in 

nanoscience, not only the size of a nanomaterial is important, but also 

its shape.  
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Numerical Example - 1 
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Numerical Example - 2 



21 

Numerical Example - 3 



22 

Surface energy  
Atoms and molecules that exist at the surface or at an interface are 

different from the same atoms or molecules that exist in the interior 

of a material.  

 

Atoms and molecules at the interface have enhanced reactivity and a 

greater tendency to agglomerate: surface atoms and molecules are 

unstable, they have high surface energy.  

 

Nanomaterials have a very large fraction of their atoms and 

molecules on their surface. Systems of high energy will struggle to 

attain a state of lower energy. Nanomaterials are abundant in nature 

(proteins, DNA, etc.).  
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The surface energy of two separate cubes is higher than the surface energy of the two cubes agglomerated.  

One of the ways of reducing the surface energy in nanoparticles 

is agglomeration. The surface of 10 identical nanoparticles is 

equal to the sum of the surface energy of each individual 

nanoparticle. If these were to agglomerate, and become one 

large particle, the overall surface energy would be reduced. The 

concept is illustrated in Figure. If a generic surface energy 

value γ is associated with each lateral surface of cube A, than its 

total surface energy is 6γ. The same applies to cube B. 

Therefore, the total surface energy of both cubes, A and B, 

separated, is 2 x 6γ = 12γ. The total surface energy of the 

parallelepiped C, on the other hand, is 10γ.  

Agglomeration Reduces Surface Energy 
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Nanoparticles have a strong intrinsic tendency to agglomerate. To 

avoid this, surfactants can be used. This also explains why 

nanoparticles are used in research and industry they are often 

immobilized on a solid support or mixed within a matrix. Commercial 

products contain nanoparticles actually in the form of agglomerates of 

> 100 nm dimensions.  

Agglomeration Reduces Surface Energy (Cont.) 
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Catalysis:  
A catalyst is a substance that increases a chemical reaction rate 

without being consumed or chemically altered. Nature‘s catalysts are 

called enzymes and are able to assemble specific end products, 

always finding pathways by which reactions take place with 

minimum energy consumption.  

 

Man-made catalysts are not so energy efficient: they are often made 

of metal particles fixed on an oxide surface. One of the most 

important properties of a catalyst is its active surface where the 

reaction takes place. The ‗active surface‘ increases when the size of 

the catalysts is decreased.  
 



26 Figure : Schematic representation of the increased active surface of a nano-sized catalyst 

(right) compared to a bulk catalyst  

Spatial organization of the active sites in a catalyst is important.  
Both properties (nanoparticle size and molecular structure/ distribution) can be 

controlled using nanotechnology. Hence, this technology has great potential to 

expand catalyst design with benefits for the chemical, petroleum, automotive, 

pharmaceutical and food industries. The use of nanoparticles that have catalytic 

properties allows a drastic reduction in the amount of material used, with 

resulting economic and environmental benefits. 
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Electrical properties  
There are three categories of materials based on their 

electrical properties:  

 

(a) conductors;  

(b) semiconductors; and  

(c) Insulators 

 

The energy separation between the valence band and the 

conduction band is called Eg (band gap). The ability to fill 

the conduction band with electrons and the energy of the 

band gap determine whether a material is a conductor, a 

semiconductor or an insulator.  
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Figure: Schematic illustration of the valence and conduction bands in materials based on 

their electrical properties: insulator, semiconductor and conductor  

In conducting materials like metals, the valence band and the conducting band 

overlap, so the value of Eg is small: thermal energy is enough to stimulate 

electrons to move to the conduction band.  

 

In semiconductors, the band gap is a few electron volts. If an applied voltage 

exceeds the band gap energy, electrons jump from the valence band to the 

conduction band, thereby forming electron-hole pairs called excitons. 

 

Insulators have large band gaps that require an enormous amount of voltage to 

overcome the threshold. This is why these materials do not conduct electricity 

Electrical properties(Cont.)  
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Quantum confinement and its effect on material 

electrical properties  
Quantum confinement causes the energy of the band gap to 

increase. Furthermore, at very small dimensions when the energy 

levels are quantified, the band overlap present in metals disappears 

and is actually transformed into a band gap. This explains why 

some metals become semiconductors as their size is decreased.  

Figure: The image compares the energy of the band gap (arrow) in a bulk 

semiconductor, a quantum dot and an atom. As more energy states are lost due to 

the shrinking size, the energy band gap increases.  
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Nanomaterials with exceptional electrical properties  

Some nanomaterials exhibit electrical properties that are 

absolutely exceptional. Their electrical properties are 

related to their unique structure. Two of these are 

fullerenes and carbon nanotubes.  

Carbon nanotubes can be conductors or semiconductors 

depending on their nanostructure. Another example is that 

of supercapacitors; materials in which there is effectively 

no resistance and which do not obey Ohm‘s law.  
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Super capacitors 
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Supercapacitors -basics and applications 

1.What is a supercapacitor? 

2.Specialities of a supercapacitor 

3.How supercapacitor works? 

4.Cycle behavior of a supercapacitor 

5.Difference between a conventional capacitor and a     

 supercapacitor 

6.Performance of a supercapacitors vs. alternatives 

7.Applications now and future possibilities 

8.Main components in general 

9.Supercapacitor manufacturers 

10.Skelcap supercapacitors 
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Supercapacitors -basics and applications 

What is a supercapasitor (SC)? 

 Supercapasitors (SC‘s) are energy storages having 

similarities with both batteries and conventional 

capacitors. 

 Unlike batteries, SC‘s store electrical energy, not 

chemical energy. Unlike capacitors SC‘s contain 

moving ions. 

 A supercapacitor bridges the gap between electrolytic 

capacitors and rechargeable batteries. 

 Supercapacitors have many names:  
 electrochemical capacitor (EC Capacitor),  

 Electric double-layer capacitor (EDLC),  

 ultracapacitor, ...  
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Supercapacitors -basics and applications 

Specialties of supercapacitor 

Important characteristics of a supercapacitor: 

 Supercapacitors can be fully charged and discharged in 

seconds, even in several degrees below zero; 

 Almost linear voltage curves enables very accurate state 

of charge (SoC) estimations; 

 SC‘s can be charged and discharged even up to a million 

times. 

 -SC‘s have very low energy densities vs. batteries; 

 -SC‘s have very high self-discharge vs. batteries. 
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Supercapacitors -basics and applications 

Specialties of supercapacitor 

It typically stores 10 to 100 times more energy per unit 

volume or mass than electrolytic capacitors, can accept and 

deliver charge much faster than batteries, and tolerates 

many more charge and discharge cycles than rechargeable 

batteries. 

 

Supercapacitors are used in applications requiring many 

rapid charge/discharge cycles, rather than long term 

compact energy storage — in automobiles, buses, trains, 

cranes and elevators, where they are used for regenerative 

braking, short-term energy storage, or burst-mode power 

delivery. Smaller units are used as memory backup for 

static random-access memory (SRAM). 
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Supercapacitors -basics and applications 

Hierarchical classification of supercapacitor 
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Supercapacitors -basics and applications 

Classification of supercapacitor 
Electrostatic double-layer capacitors (EDLCs) use carbon 

electrodes or derivatives with much higher electrostatic double-layer 

capacitance than electrochemical pseudocapacitance, achieving 

separation of charge in a Helmholtz double layer at the interface 

between the surface of a conductive electrode and an electrolyte. The 

separation of charge is of the order of a few ångströms (0.3–0.8 nm), 

much smaller than in a conventional capacitor. 

Electrochemical pseudocapacitors use metal oxide or conducting 

polymer electrodes with a high amount of electrochemical 

pseudocapacitance additional to the double-layer capacitance. 

Pseudocapacitance is achieved by Faradaic electron charge-transfer 

with redox reactions, intercalation or electrosorption. 

Hybrid capacitors, such as the lithium-ion capacitor, use electrodes 

with differing characteristics: one exhibiting mostly electrostatic 

capacitance and the other mostly electrochemical capacitance. 
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Supercapacitors -basics and applications 

Schematic illustration of a supercapacitor 
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Supercapacitors -basics and applications 
Typical construction of a supercapacitor:  

(1) power source 

(2) collector,  

(3) polarized electrode,  

(4) Helmholtz double 

layer,  

(5) Electrolyte having 

positive and negative 

ions, 

(6) separator. 
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Supercapacitors -basics and applications 
Basic Design of a supercapacitor: 

Electrochemical capacitors (supercapacitors) consist of two electrodes separated by 

an ion-permeable membrane (separator), and an electrolyte ionically connecting 

both electrodes. When the electrodes are polarized by an applied voltage, ions in 

the electrolyte form electric double layers of opposite polarity to the electrode's 

polarity. For example, positively polarized electrodes will have a layer of negative 

ions at the electrode/electrolyte interface along with a charge-balancing layer of 

positive ions adsorbing onto the negative layer. The opposite is true for the 

negatively polarized electrode. 

 

Additionally, depending on electrode material and surface shape, some ions may 

permeate the double layer becoming specifically adsorbed ions and contribute with 

pseudocapacitance to the total capacitance of the supercapacitor. 
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Supercapacitors -basics and applications 

How supercapasitor works? 

 

 

 

 

 

 

 

 
 

 

In discharged state all the ions are distributed randomly within the cell. 

•In charged state all the positive ions travel to the negative terminal and vice versa. 

•The higher the carbon electrode surface area is, the higher the cell capacitance is.: 



42 

Supercapacitors -basics and applications 

Cycle behavior of a supercapacitor: 

 

 

 

 

 

 

 

 

 

 

 

 

- Cell capacitance 420F : Charge and discharge current: 4.2A  

- Room temperature ~22 °C.  

- Entropy effect is noticeable. 
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Supercapacitors -basics and applications 

Difference between a supercapacitor and a conventional capacitor: 

 

 

 

 

 

 

 

 

 

 

 

 

 Conventional capacitor has a solid dielectric and current collectors 

smooth surfaces. 

 Supercapacitor has rough electrode surfaces and a liquid dielectric. 
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Supercapacitors -basics and applications 

Supercapasitor vs. alternatives: 
 

   Power Density (W/kg)  Energy density (Wh/kg)   

Lead-acid battery   50 - 500    30 - 50   

Li-ion battery   300 - 3000   100 - 180   

Supercapacitor   6000 - 60000   4 - 10   

Conventional capacitor  >200000    0.01 – 0.02   
 

 

 

 

 

 

 

 

 
 

 Figures are rough numbers as there are many types of Lead-acid 

batteries as well as conventional capacitor and Li-ion batteries. 
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Supercapacitors -basics and applications 

Applications now and future possibilities: 
 

 Regenerative braking 

 Releasing the power in acceleration 

 Starting power in start-stop systems 

 Regulate voltage to the energy grid 

 Capture power when lowering loads and assisting when loads are lifted 

 Back-up power in any application where quick discharge ( or charge) is 

required 
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Supercapacitors -basics and applications 

Main components in general: 
 

 Thin aluminum foils, which are attached with ―electrode paste‖ 

Electrode paste 

 Carbon coating with high surface area 

 Conductive carbon 

 Adhesives  

     Rest of the components 

 Porous separator (plastic or paper) 

 Liquid electrolyte 

 Casing 

Opened cylindrical cell on a table 
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Supercapacitors -basics and applications 

Supercapasitor manufacturers 

Europe Skeleton technologies, , … All small players  

US Maxwell, Ioxus, …  

Korea Nesscap, Samwha LS Mtron, …  

Japan Panasonic, Murata, NEC, Nichicon, JSR Micro, … 

 

Skelcaps are used in re-capturing energy and providing peak or 

backup power in: 

Space applications; Transportation; Power quality; Industrial sector.  

 

Pilot production in Tartu, Estonia Mass production in Germany 
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Supercapacitors -basics and applications 

SkelCap Electrochemical Capacitors 

Important characteristics of a SkelCap capacitor: 

 Extremely low resistance. 

 Rated voltage 2.85V 

 Very high power; high energy 

 Product range 250F – 3500F 
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Li-Ion Batteries 
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Super capacitors 
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Thank you 


