
THE CHEMISTRY OF THE BATTERIES AND SUPERCAPACITORS OF THE FUTURE 

 

AN INTRODUCTION TO ENERGY STORAGE DEVICES 

Although batteries and supercapacitors are both capable of storing energy, the way in which storage 

occurs is fundamentally different.  

 

A battery typically contains two electrodes, the anode and the cathode, separated by an electrolyte. 

At the anode, an oxidation reaction occurs, and the compound loses electrons. These electrons 

travel through the external circuit to the cathode, where a reduction reaction occurs. The electrolyte 

in-between facilitates the transport of ions, allowing a current to flow. When the anode has been 

fully oxidised, the battery 

has transferred all its 

available energy. Batteries 

that can be recharged are 

known as ‘secondary’ 

batteries.[1] 

 

By contrast, a 

supercapacitor does not 

require a chemical reaction 

to release energy. It consists 

of an anode, a cathode and 

an electrolyte, as well as an 

insulating divider (e.g. 

paper), which prevents 

electrons from travelling around a complete circuit. When a voltage is applied, electrons build up on 

the anode, generating an electrical field, attracting positive ions in the electrolyte. Similarly, 

electrons flow from the cathode to the power source, also resulting in an electrical field, but this 

time attracting negative ions. Potential energy is stored in the strong forces of attraction between the 

oppositely charged ions and electrodes. 

 

To summarise, batteries utilise chemical reactions to release energy, but supercapacitors use 

electrostatic forces. Another distinction lies in the two main ways to directly compare batteries and 

supercapacitors: their energy and power densities. Gram for gram, a battery can store much more 

energy than a supercapacitor. However, the redox reactions used in batteries take time to reach 

completion. By contrast, a supercapacitor can discharge very rapidly once connected to a complete 

circuit. This means the specific power of a supercapacitor is higher than a battery.[2] 

 

The energy storage equation for a supercapacitor is 0.5CV2, where C is the capacitance, and V is the 

working voltage.[3] Therefore, these variables must be increased to improve energy density. 

Similarly, for a battery, power = IV, where I is the current. To improve this rating, we should 

maximise the rate at which reactions occur (increasing current), as well as the operating voltage.[4] 

 

LITHIUM ION BATTERIES 

In 1991, Sony released the first commercially available secondary lithium-ion batteries (LIBs), the 

culmination of years of research to create renewable batteries with high energy densities. These 

batteries utilised a lithium cobalt oxide (LiCoO2) cathode, and a graphite anode, separated by an 

electrolyte (typically a lithium salt (e.g. LiPF6) in an organic solution). [5] Lithium is the metal ion of 

choice (rather than, for example, a sodium-ion battery) due to it having the smallest reduction 

potential of any element (allowing a high overall battery potential), a small ionic radius, and low 

mass (giving it a greater degree of mobility than other cations).[6] During charge, the lithium ions in 

the cathode are expelled from the LiCoO2 lattice and are intercalated into the layers of the graphite 

Figure 1– Supercapacitors and Batteries 



anode. Graphite can accept one Li+ ion for every six carbon atoms, and so the battery undergoes the 

following reaction:[7] 

 
This technology is now over 25 years old, so inspecting the properties of the electrodes may help to 

identify ways to improve it. 

 

LITHIUM-ION BATTERY CATHODES 

LiCoO2 is used as the source of lithium in LIBs instead of a pure metal electrode, as when lithium 

ions are returned to their initial electrode during a cycle, they form unstable dendrites, making the 

batteries susceptible to explosions (a phenomenon known as ‘thermal runaway’). Therefore, it is 

important to ensure lithium remains as an ion. Intercalating the lithium ions into transition metal 

oxides produces a cathode that can be charged and discharged at a high voltage, allowing a greater 

energy density. This is due to the ability of 

transition metals to change their valence states, 

allowing more electrons to be stored.[8.a] Cobalt 

compounds generate some of the highest potential 

differences of all the transition metals, as the 

electrons in the d-orbitals are exposed to a stronger 

force of attraction to the nucleus than elements with 

fewer protons or more electron shells. The smaller 

the radius, the greater the attraction- therefore, the 

higher the energy change when electrons are 

inserted/removed.[8.b] 

 

‘Deep cycling’ an LIB involves discharging to a 

point where >50% of the lithium in an electrode has 

been removed. Despite the relatively high thermal 

stability of LiCoO2, when too many lithium ions 

have been extracted, a structural shift occurs from hexagonal symmetry to rectangular prisms. This 

reduces the number of charge/discharge cycles the battery can stand before it becomes unusable.[6.a] 

Coating the cathode in another metal oxide (e.g. Al2O3) makes it more stable, both mechanically 

and electrically, enabling the production of batteries with higher energy densities.[6.b] 

 

ALTERNATIVES TO LiCoO2 

However, the suitability of a lithium ion battery is also determined by its cost. Lithium itself is 

unlikely to cause a problem- although it is only the 33rd most abundant element[9], and prices are 

rising, it only accounts for a small proportion of the cost of a battery. Instead, the overall price is 

driven up by the cost of processing, and the cobalt in the cathode.[6.c] In addition, to improve the 

sustainability of future batteries, we must consider the natural abundance of materials, and the 

environmental impact of production. 

 

Efforts have been made to move entirely away from using cobalt, but simply switching one 

transition metal for another has not been entirely successful; ions such as Mn2+ can dissolve into the 

electrolyte and build up on the anode, reducing energy output.[6.d] Instead of eliminating cobalt 

altogether, the proportion is reduced, by using a mixture of nickel, cobalt and manganese, to form 

LiNixCoyMnzO2 (where x+y+z=1) compounds. The nickel allows for a greater degree of lithium 

extraction before structure degradation occurs (increasing energy density), whilst the manganese 

and cobalt increase stability and cycle count. In addition, an outer layer of ‘lithium-rich’ Li2MnO3 

stabilises the structure, and acts as a lithium ‘reservoir’, also contributing to increasing the 

Figure 2- The correlation between the 

number of electrons in the d-subshells of 

transition metal ions and potential 

difference (From [8], modified from 

[8.b]) 



maximum operating voltage of the battery. Mn and Ni are ideal materials for this purpose, due their 

high abundance (12th and 24th most common elements in the Earth’s crust respectively), and the 

relatively low toxicity of manganese.  

 

Alternatively, ‘polyanions’ can be used instead of oxides. These anions have the general formula 

(XO4)
3- (where X represents P, Si, S, As etc.), and their large structure and impact on redox 

potential produces cathodes that are both stable and energy dense.[6] The addition of a fluorine atom 

gives these electrodes a greater degree of conductivity: LiFeSO4F in particular has a specific 

capacity of 151mAh/g, and can withstand high voltages (~3.6V). This is due to the higher 

electronegativity of the F- and XO4
3- groups causing a stronger inductive effect on the metal-oxygen 

bonds, making them more ionic. Consequently, the separation between the bonding and anti-

bonding orbitals is decreased, reducing the energy of the cathode redox couple. Therefore, the 

overall voltage of the battery is increased, as VMaximum ∝ μanode – μcathode (where ‘μ’ represents 

chemical potential).[8.a] 

 

It is also important to consider the properties of the anode. The typical graphite electrode is widely 

used for its intercalating ability and natural abundance. However, research is being conducted into 

graphene, another allotrope of carbon, for use in both battery anodes and supercapacitors. 

 

GRAPHENE 

Graphite is a material composed of layers of carbon atoms, arranged in a hexagonal lattice. Each 

carbon atom is sp2-hybridised, allowing the electron occupying the 2pz orbital to be delocalised. It is 

this property that allows graphite to conduct electricity and be used effectively in electrodes. 

Overcoming the Van der Waals forces between sheets allows us to obtain a two-dimensional 

monolayer, known as graphene. 

 

Graphene is of great interest in the development of improved batteries and supercapacitors, owing 

to its high theoretical capacitance, strength and surface area.[10] It also possesses a more open 

structure than graphite, as lithium ions can pass through holes (ranging from 10 to 20 nanometres 

across) in the sheets, rather than accumulating just on the outer surface (as seen in graphite). This 

not only increases its capacity for energy storage tenfold, but allows faster energy transfer, paving 

the way for batteries that can be charged in a matter of seconds.[11]  The ‘single-sheet’ structure also 

allows Li+ ions to be stored on both sides, effectively doubling its capacitance (compared to 

graphite).[12] However, these theoretical properties have been difficult to replicate in practice, due to 

issues with production. 

 

PRODUCTION OF GRAPHENE 

 

 

 

 

 

 

 

 

 

Graphite oxide (GO) is typically synthesised via a modified* version of the Hummers method, in 

which concentrated sulphuric acid is mixed with naturally ‘flake’ graphite, before potassium 

                                                           
* The original method also utilised NaNO3, but this is not used as frequently due to the production 

of toxic gases such NO2 and N2O4. 

Figure 3- A common pathway for obtaining graphene 

(Modified from [10]) 



permanganate is added. This results in the formation 

of the bimetallic heptoxide Mn2O7 (see Figure 4), a 

much stronger oxidising agent than the 

permanganate ion MnO4
-. 

 

The true mechanism behind the subsequent oxidation of the graphite is unknown, as naturally 

derived graphite possesses a complex structure, and contains many inconsistencies. It is suspected 

these become the starting point of the oxidation process, resulting in a lattice of hydroxyl, epoxy, 

carbonyl and carboxyl groups.[13] 

 

Once GO has been obtained, the layers are separated into individual sheets of graphene oxide by 

stirring with water. Synthesising pure graphene is very difficult, as it is likely some oxygen-

containing impurities will remain. Therefore, the product of the reduction of GO is referred to as 

reduced graphene oxide (rGO), to distinguish it from the theoretical ‘pure’ graphene. A common 

reagent for this process is hydrazine (NH2NH2), as other strong reducing agents (e.g. LiAlH4) may 

undergo side reactions with the aqueous solvent. Again, the mechanisms are unknown due to the 

variety of possible structures, but IR absorption spectra 

has indicated that the hydrazine can remove all but the 

carbonyl groups on GO. Figure 6 shows two proposed 

pathways for the reduction of epoxide groups (the 

Lerf-Klinowski model of GO (Figure 5) indicates that 

the major oxygen-containing groups are epoxides and 

tertiary alcohols, so it is the reactions of these groups 

which are of primary concern). The first would result 

in a normal rGO structure, and the resulting molecules 

of diazene (NHNH) can react to reform hydrazine and non-toxic, virtually inert N2 gas. However, 

the second possible mechanism produces an aminoaziridine group instead.[14] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IMPROVING THE PROPERTIES OF rGO 

This method of reducing GO may seem counterintuitive, as it does not eliminate all oxygen 

moieties, and may just substitute others with a nitrogen functional group. However, these ‘flawed’ 

methods can be beneficial. For a start, nitrogen-doped graphene has received a substantial amount 

of attention, due to its application in supercapacitors. Adding nitrogen to carbon-based electrodes 

causes the electron distribution to change, which increases the ability of an electrolyte to flow over 

the surface. As a result, the accessible surface area of the electrode increases, enabling more ions to 

adsorb to it, and so more energy can be stored.[15] In addition, nitrogen groups have been shown to 

Figure 5- The Lerf-Klinowski model 

(From [13.a]) 

Figure 4- Formation of Mn2O7 

Figure 6- Proposed epoxide reduction mechanisms in GO (Redrawn from [14]) 



provide ‘pseudocapacitance’, in which energy is released through chemical reactions, instead of 

from being stored in an electric field.  Research using an acidic electrolyte with nitrogen-doped 

electrodes showed that redox reactions occur between the nitrogen groups and H+ ions, increasing 

the capacitance (and therefore the energy density) of a supercapacitor.[16] 

 

The inability of NH2NH2 to reduce carbonyl groups can also be used to our advantage. In 2014, 

researchers developed an ‘all-graphene battery’, in which the cathode is functionalised rGO, and the 

anode is pre-lithiated, fully reduced rGO. The electrode materials can be obtained by first reducing 

GO with hydrazine- the C=O groups will remain for use in the cathode, and then the product can be 

reduced further for use in the anode via thermal annealing at >800oC. During discharge, the Li ions 

are extracted from the anode, and react with the C=O groups on the cathode, forming -C-O-Li 

groups (Figure 7). Such batteries are expected to have energy densities comparable to current 

lithium-ion batteries (~225 Wh/kg), as well as high power densities (~6450 W/kg) due to their high 

rate of reaction, making them viable future competitors in the energy storage market.[12] 

 

 

That said, we still encounter issues with the reduction of graphene oxide. Being an amphiphilic 

substance, GO naturally disperses in a solution. However, rGO is hydrophobic, and the sheets 

agglomerate together, reducing the surface area to a value far lower than that of ‘pristine’ graphene. 

One way this can be minimised is through the use of surfactants. Before reduction, surfactant 

molecules can be intercalated into the layers of GO. After the oxygen has been removed, the 

surfactant remains within the structures. One study found that the surface area of rGO could be 

increased from 466[13] to 696 m2/g, by adding the block copolymer Pluronic F127, improving the 

suitability of rGO for use in supercapacitors.[17] 

 

Another way to reduce agglomeration is through the adding of metal oxide/hydroxide nanocrystals 

to the surface of each rGO sheet, to space out the layers. Like the nitrogen-doped rGO, these 

structures also provide pseudocapacitance, not only increasing surface area, but improving the 

overall capacitance. In 2010, researchers at Stanford University developed a rGO/nickel hydroxide 

supercapacitor electrode, capable of reaching a specific capacitance of 1335 F/g (almost 2.5 times 

that of pure graphene (~550 F/g)).[18] 

 

Research like this has led to graphene becoming a key contender for being one of the most widely 

used materials of tomorrow- once issues with production are removed/ utilised to our advantage, it 

provides a range of possibilities. Some have already been exploited, from flexible supercapacitors 

(made from graphene sheets deposited on nickel-coated cotton yarns[19]) to lithium-air batteries (in 

Figure 7- The structure and reactions of the all-graphene battery. (From [12]) 



which the incomplete reduction of rGO provides an open network of channels within the cathode, 

increasing the rate of diffusion of O2 into the battery for energy release[20])- others are yet to come. 

 

CONCLUSION 

In the coming years, demand for batteries and supercapacitors is expected to increase with 

population growth, as well as the popularity of alternative transportation methods such as electric 

cars. The high energy density and cycle life of lithium-ion batteries makes them ideal for such 

commercial applications, although it is likely that we will have to turn to alternative electrode 

materials (e.g. polyanions) to conserve resources and keep costs to a minimum. Currently, batteries 

still have a greater capacity to store energy than supercapacitors, but the gap is closing, due to 

research into promising materials such as graphene. It would not be a surprise to see these 

technologies become a key part of our everyday life, from mobile phones to cars. 

 

 

Gabriella White 
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