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Supercapacitors as energy storage devices

Storage of electrical energy

Dwindling resources of fossil fuels and rising energy costs are becoming one of the

most significant problems of global economy. Therefore, ways of saving energy as well as

novel “green” energy sources have to be developed. Renewable energy sources, such as

solar, wind, rivers and tides grow in importance. Harvesting energy is only the first step in a

complex process,  which involves distribution,  storage and conversion of  energy.  Each of

these steps can involve losses, which decrease efficiency of the whole process.

Charging of capacitor by separation of opposite charges is a way of energy storage

known since the first  experiments with electricity.  So called Leiden jars, manufactured by

covering of  two sides of  a glass bottle  with  metal  foil,  were  already known in late XVIII

century. However, their efficiency as energy storage devices, taking into account dimensions

and weight, was rather poor. The galvanic cells, invented by Alessandro Volta soon replaced

capacitors as a power source for portable devices. However, the capacitors were commonly

used in electronic devices, and therefore their design and manufacturing methods have been

constantly improved. Invention of an electrolytic capacitor by Karol Pollak in 1886, and first

works on supercapacitors in the sixth decade of XX century allowed to significantly improve

the energy density, and therefore also to use the capacitors as a power source for portable

devices.  Nowadays,  research and production of supercapacitors constitute one of rapidly

growing branches of science and technology

.

Capacitors and capacitance

Let us imagine two neutral bodies. From one of them a small portion of charge is taken, and

transported onto the other.  Thus, these two bodies receive charge of identical  value,  but

opposite  sign.  A  difference  of  electrical  potential  has  been  also  developed.  If  we  try  to

transport another small portion of charge between those bodies, we will have to act against

an electrostatic force – so, a work will have to be done. Therefore, charging of these bodies

stores potential energy.  

The amount  of  charge stored using the same potential  difference may vary for  different

cases. The ratio of electrical charge to potential difference (voltage) is called capacitance,

and the setup for energy storage – a capacitor. 
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The unit of capacitance is one Farad – which corresponds to the charge of 1 coulomb stored

using the potential difference of 1 volt. In practice, the values of capacitance are usually

orders of  magnitude lower.  It  is  worth to notice,  that  most of  elements used in electrical

circuits can be ascribed a certain value of capacitance.

Parallel plate capacitor

This type of  capacitor  consists of  two metal  plates,  arranged in parallel.  One of  them is

charged with Q, the other one with –Q). The electrical field can be calculated using Gauss

law:

The net electric flux through any closed surface is equal to the net electric charge

enclosed within that closed surface times 1⁄ε0

0
Q

dsE 


(2)

For a parallel plate capacitor, if both plates are enclosed within the closed surface, the net

charge within that surface becomes zero. Therefore, the electrical field outside the capacitor

is almost zero. The only contribution to the field is observed on the boundaries of the plates,

and is caused by finite size of the capacitor. This external field is usually orders of magnitude

lower than the field inside the capacitor, and therefore can be neglected in calculations. 

Let us choose a cuboid as a Gaussian surface, with one of the bases placed between the

plates, and of the same size as capacitor plate. As stated above, the field outside and on the

edges of the plates can be neglected. Therefore, a non-zero flux will be observed only for

this plate, and hence the Gauss law can be written as:
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Let  us calculated the potential  difference between the plates.  The potential  difference is

calculated as:


b

a

dxxEV )( (4)

The field is constant, and therefore we obtain:
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Now let us calculate the capacitance by dividing of charge by voltage between the plates:

d

S
C 0 (6)

The capacitance of a parallel plate capacitor increases with increasing plate surface, and

with decreasing distance between the plates. Therefore, such capacitors are often produced
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as rolls, with the plates divided by a thin layer of an insulator. Decreasing the thickness of an

insulator allows to obtain higher capacitance, but can also cause the capacitor to short-circuit

if the insulator material contains faults. 

Dielectrics

If a tightly fitting dielectric plate is inserted between the plates of a charged capacitor, the

voltage decreases, despite that the charge remains constant. Therefore, more charge can be

stored using identical potential difference - the capacitance of the device increases in respect

to vacuum capacitor, described above. 

Such an effect can be explained by electrical properties of material, which has been inserted

between  the  plates.  In  dielectrics  the  charge  cannot  move  freely  as  in  metals,  but  the

material  can be polarized by application  of  an external  field.  Dielectric  materials  contain

dipoles – either intrinsic, or induced – which arrange according to the direction of external

field. The negative charge of the dipole is pulled, and the positive pushed, which orients the

dipole parallel to the field. The dipoles also create own electrical field, directed in opposite to

the external  field.  Therefore,  the net  field  inside the capacitor  decreases.  As we already

know, the voltage between the plates is proportional to the value of electrical field, so it also

decreases.

The influence of the dielectric on the voltage and capacitance can be quantified by the value

of   relative  permittivity   This  value  defines,  how many times the  electrical  field  in  the

dielectric  is  smaller  than the electrical  field  in  vacuum.  For  a capacitor  tightly  filled  with

dielectric it also defines, how many times the capacitance of that capacitor is greater than

that of vacuum capacitor of identical dimensions:
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Connection of capacitors

For two capacitors linked in series – the positive plate of one capacitor is linked with negative

plate of the other – the charge stored in these two capacitors is equal. The total voltage

between the connections of this arrangement is divided between the two capacitors. The

capacitance of an equivalent capacitor (capacitor which stores the same charge for a given

voltage) is expressed as::


i iZ CC

11
(8)

For  example,  if  two  capacitors with  a value  C = 2 mF each are  linked in  a series,  the

equivalent capacitance is 1 mF – it is therefore lower than the capacitance of each of the

capacitors.
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For capacitors linked in parallel, the voltage between the plates is equalized. The charge of

capacitors linked in parallel  becomes the sum of charges stored on both capacitors. The

equivalent capacitance of such arrangement becomes the sum of capacitances:


i

iZ CC (9)

Energy of capacitor

As already stated, charging of capacitor by transfer of charges from one plate to another

requires work. This work is related to difference of potential between the plates:  :

UQVQW  (10)

The potential  difference depends,  however,  on the charge already stored on each plate.

Therefore, in order to calculate work, we have to apply the integral equation:
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This energy is stored in the form of an electrical field. For a parallel plate capacitor, energy

density can be calculated:
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We can see that the energy depends on the square of electrical field. The equation above

can be applied not only to the plate capacitor, but also for any constant electrical field. 

Supercapacitors

Electrolytic capacitor

The capacitance of a parallel plate capacitor depends on the inverse of the distance between

the  plates.  This  distance  is  limited  by  mechanical  and  electrical  considerations  of  the

capacitor design. The distance of layer which separates the opposite charges can be used

by application of an electrolytic capacitor. In this design, charges of one sign are stored on

the surface of a metal plate covered with thin layer of dielectric. Charges of opposite sign can

move within  the electrolyte,  which  contacts  the dielectric  layer.  During  charging  process

these charge approach the dielectric layer – and the surface of the electrolyte becomes the

second plate of capacitor. The surface of electrodes can be extended by etching – see Fig.

1, which allows to achieve area over 100 times greater than that of plain electrodes. Such a

solution would not be effective for a traditional capacitor, for which the grooves in the surface

would increase the local distance between the plates, and would decrease the capacitance.
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Fig. 1. Scheme of an electrolytic capacitor

For commonly used capacitors with aluminum anode, the anode is covered with a layer of

Al2O3.  The value of dielectric  permittivity of this material  is  around 7, and the production

technology  allows  to  obtain  layers  with  a  thickness  below 100  nm.  Tantal  and  niobium

electrodes  are  also  used,  covered  with  oxides  of  these  metals.  An  advantage  of  these

materials is higher dielectric constant (about 20) as well as better stability than aluminum. As

electrolytes,  water  solutions  can be  applied  –  which,  however,  tend  to  evaporate  under

typical working conditions. Weak acids with addition of appropriate salts, or organic solvents

are also used. A porous membrane soaked with electrolyte allows the transport of ions, and

prevents the electrodes from short-circuiting. 

Electrolytic  capacitors  have  the  advantages  of  small  size  and  low costs,  low electrolyte

resistance, and high values of capacitance (up to 0.1 F) in respect to plate capacitors with

dielectric filler. The disadvantages are degradation of electrolyte (especially evaporation) as

well as electrodes, and vulnerability to reverse polarization. The electrolytic capacitors also

tend to self-discharge faster than other types of capacitors.

 

Supercapacitor

Devices called supercapacitors also employ electrolyte, which allows the ions to approach

the electrode surface as close as possible  (Fig.  2).  However,  the electrode is  no longer

covered with dielectric, and is in direct contact with electrolyte. This allows to achieve even

smaller  distance  between charge on the electrolyte  side,  and the surface charge of  the

electrode. 

Storage of charge during loading of supercapacitor can result from two processes: formation

of an electrostatic double layer, or electrochemical adsorption of ions with transfer of charge

onto  the  electrode.  The  second  effect  is  called  pseudocapacitance,  and  the  device  a

pseudocapacitor. It is also possible to obtain a capacitor, in which these two processes have

a comparable contribution to storage of electrical charge – such a device is called a hybrid

supercapacitor. 
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Fig. 2. Scheme of a electrostatic supercapacitor. 

Double layer

When the ions, driven by the electric field, reach the electrolyte/electrode interface, they form

a double layer. The electrode has to be blocking in respect to the ionic species (the ions do

not create chemical bonds with electrode, and/or they do not intercalate into the structure of

the material).  Reversible  electrodes (for  example,  metallic  electrodes made of  the same

metal as the ion) allow creation of strong bonds between ions and electrode surface, and

diffusion of ions into the electrode structure.

Different models of double layer can be found in literature. The simplest approach is that of

Helmholtz – it assumes that the ions are tightly packed on the surface of an ideally blocking

electrode. The effective thickness of the layer is limited only by the ionic radius (e.g. for

lithium ions ri=0.076 nm), which theoretically allows to obtain very high capacitance of such

layer. Within the layer, the electrical potential changes in a linear way. Slightly more complex

model of Guoy-Chapman considers also the fact that the value of double layer capacitance

depends  also  on  concentration  of  ions  and  value  of  the  electrical  potential.  This  model

includes a diffusive layer, related to a certain distribution of charge density. The values of the

potential decrease exponentially as the function of distance from the electrode. The model of

Stern links the tow approaches described above – it includes both a layer of ions close to the

electrode surface, and diffusive layer. It should be also stated that the ions are frequently

accompanied by molecules  of  solvent,  which do not  allow them to directly approach the

electrode, and therefore increase the thickness of the double layer. 

6



Fig. 3. Models of the double layer, from left: Helmholtz, Guoy-Chapman, Stern. The lower

scheme shows the plots of charge density and potential as a function of distance.
. 

Physical adsorption and pseudocapacitance 

In some cases, the behavior of the electrode cannot be described as ideally blocking. The

ions which approach its  surface do not  create strong chemical  bonds with  the electrode

materials – instead, the electrical charge is transferred onto the electrode.  Such a process is

called  physical  adsorption.  From chemical  point  of  view it  can  be  treated  as  a  redox

reaction, but without making any bonds. 

During charging of  the  pseudocapacitor,  the charge of  the  ions is  transferred onto the

electrode. The current-voltage curve of this process resembles that of galvanic cells, rather

than that of a “classical” capacitor. Upon discharge, the charge is transferred back to the ion,

which  can  subsequently  return  to  the  electrolyte  (similarly  as  for  dissolution  of  metallic

electrodes in the electrolyte, known for galvanic cells). It is worth to mention, that description

of  this  process taking place in the double  layer  was awarded Nobel  prize in 1992 (R.A.

Marcus). 

Design of supercapacitors 

The ability to store large amounts of electrical charge are directly related to properties of

materials used for their assembly. In case of electrode materials, the desired properties are

large surface area,  high electrical  conductivity,  chemical and thermal  stability,  as well  as

appropriate  mechanical  characteristics.  Frequently  micro-  or  nano-porous  materials  are

applied. Small size of the pores allows the ions to break to solvation “cage” and approach the

electrodes more closely. 

Electrostatic  supercapacitors  carbon  electrodes  are  most  frequently  based  on  carbon

electrodes,  which can be obtained in  different  geometry:  wires,  nanotubes ora graphene

layers. Carbon electrodes are efficient in production, low-priced and allow to obtain surface

area thousands times higher than that of plain electrodes. The most significant disadvantage

is their low stability in respect to oxygen. For production of electrodes for pseudocapacitors,
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metal oxides are usually used – for example RuO2, TiO2, VO2, MoO2. The reaction of physical

adsorption of rubidium electrode can be denoted as: 

xx-2
-

2 OH)(RuOeHRuO   xx (13)

Lately in pseudocapacitors electrodes made of electronically conductive polymers have been

applied, or composite  electrodes made of metal oxides on polymer matrix. 

As electrolytes, materials which already found application in Li-ion cells or fuel cells are often

used. These include for example polyether –based polymeric electrolytes, or so-called ionic

liquids  –  amorphous  salts  with  disordered  structure  which  allows  effective  transport  of

charge.  

Properties and applications of supercapacitors 

Supercapacitors allow to obtain high values of electrical capacitance – even thousands of

Farads.  Such  capacitors  can  be  also  linked  in  parallel  or  serial  arrangements,  which,

however,  requires  dedicated  electronic  devices  to  compensate  for  differences  in  their

individual characteristics. In comparison to modern rechargeable cells, the supercapacitors

achieve smaller energy density per kg of weight. The Li-ion cells can reach energy density of

100 Wh/kg, whereas for supercapacitors a maximum of 10 Wh/kg can be obtained. However,

the supercapacitors allow to perform fast charge and discharge cycles, which is not possible

for galvanic cells.  The power  density is higher than that of Li-ion cells – 1000 kW/kg for

supercapacitor, compared to 100 kW/kg for rechargeable cell. Moreover, when Li-ion cells

are charged or discharged with maximum power, or subjected to a deep discharge, the total

number of cycles for a given cell decreases. Supercapacitors can be subjected to deep and

fast discharge and charge cycles, without the loss of performance. They are also resistant to

ageing processes, and can work flawlessly for hundreds of thousands charge and discharge

cycles. This makes them a more reliable power source than galvanic and fuel cells. 

The applicablity of supercapacitors is limited by low charge voltage, usually between 2 and

4V. This effect is related to possibility of electrolyte decomposition, or unwanted chemical

reactions at the electrode/electrolyte interface. Supercapacitors can be linked in series in

order to increase the operating voltage, which however increases the internal resistance of

such circuit. 

A simplified equivalent circuit of a capacitor has been shown in Fig. 4. Capacitors describe

the capacitances of  double  layers  at  each of  the electrodes.  Resistors RI,  RE1 and RE2

correspond respectively to charge transport in electrolyte, and in the electrodes.  Additional

resistor RL corresponds to the leakage current. For most supercapacitors, leakage current is

low, so this element represents high values. It should be noted that this resistor is used only

as a rough approximation of a complex process with a non-linear I/V dependence. 
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Fig. 4. Equivalent circuit for a capacitor. The capacitances of double layers are marked as C1

and C2.  Resistors RE1 i  RE2 denote electrode resistance,  opór  RI –  internal  resistance of
electrolyte, RL models leakage.

Supercapacitors are used mainly in devices which require high power, but for a limited time.

A good example are electrical and hybrid vehicles, which recover the energy during braking

process. Braking of a vehicle with mass of 1000 g from 50 km/h to a full stop in 10 seconds

releases the power of 10 kW. Charging of galvanic cells with a voltage of 12V would require

current of more than 700 A, which would damage the cells. For supercapacitors, such power

is well within the operating range. After the braking, en electronic circuit automatically begins

to load galvanic cells using energy stored in supercapacitors. Another good examples are

“start-stop” systems for automotive engines and voltage retention systems for power lines.

Recently, supercapacitors were successfully applied as a power source for public transport

vehicles. 

Characteristics of a supercapacitor 

In this lab exercise, we will investigate the charging, and then the discharging of a

capacitor.  The  conditions  of  the  measurement  will  be  close  to  these  expressed  by  the

international  IEC  standard.  Basing  on  the  obtained  results  we  will  estimate  the  most

important parameters which describe the characteristics of a supercapacitor, and we will try

to define the optimum range of operation conditions for this device.

Capacitance and internal resitance

The methods of calculation of two most important parameters describing a supercapacitor –

capacitance  and  internal  resistance  –  are  described  by  IEC  standards (International

Electrotechnical  Commission)   62391-1,  62391-2  and  62576  [source:  energy  caps-

www.energycaps.eu].  They  are  based  on  measurements  of  voltage  during  charge  and

discharge of a capacitor using constant current (Fig 5).

This process can be divided into following phases: 

1. Charging with constant current. This process is interrupted when the voltage reaches

desired value VR. 

2. Charged capacitor is disconnected from the power source for 30 minutes. Voltage is

measured. 

3. Discharge of the capacitor with a constant current.
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The method of calculation of capacitance is following: on the discharge curve (phase 3) we

find points corresponding to V1=90% and V2=70% of the value of  VR for phase 2 (assuming

constant voltage in phase 2). Basing on the time, required to discharge the capacitor from V1

to V2 the capacitance is calculated:
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 (14)

where Ir stands for discharge current.

The value of internal resistance R can be estimated by analyzing the voltage drop observed

initially upon discharge (phase 3). This effect occurs rapidly and has a non-linear character,

and therefore the most convenient method of analysis is extrapolation (Fig. 5). The linear

dependence of voltage, observed for discharge with constant current in later stage of phase

3 is extended to the early stage of the discharge. A voltage corresponding to the beginning of

phase 3 is found. Difference between this extrapolated voltage, and real voltage measured at

the end of phase 2 is used to calculate the internal resistance R:

rI

V
R


  (15)

 

Fig. 5. The IEC method for calculation of supercapacitor capacitance and internal resitance
basing on time dependence of voltage during charging and discharging 

According to IEC standard, the values of charge and discharge currents should be close to:

R

V
I R
c 38
 (16)
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V
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r 40
 (17)
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An  appropriate  selection  of  these  parameters  is  possible,  if  an  approximate  value  of

capacitor  resistance  is  known.  Otherwise,  the  measurements  can  be  repeated  until  this

condition is met. 

Self-discharge and leakage

Another important parameter which describes a capacitor is self-discharge rate and leakage

current. The process of self-discharge can be caused by many phenomena, starting from

unwanted reactions at the electrode due to impurities, through ion diffusion, to a non-zero

electron conductivity of the electrolyte. Measurement of a leakage current is quite difficult, as

it either requires a voltage meter with very high internal resistance (so that the current which

flows  through  the  meter  is  much  lower  than  that  of  leakage),  or  performing  short

measurements within long time distance, so that the energy loss during measurement is

much lower than the loss caused by self-discharge.

If the leakage is caused mainly by unwanted redox reactions at the electrodes, caused by

presence  of  impurities  either  within  the  electrolyte  or  the  electrode  material,  the  time

dependence of voltage for a charged capacitor is exponential:

  teUtU  0 (18)

 In a case, in which the main process which caused self-discharge is the diffusion of ions,

the voltage decreases as a square root of time: 

  taUtU  0 (19)

Therefore, the dominant process responsible for self-discharge can be identified basing on

the time dependence of voltage for a charged capacitor. 

  

Measurement set-up

The scheme of the measurement set-up is shown in Fig. 6. It includes:

- Electronically controlled device for charging and discharging equipped with a resistor.

- Capacitor with electrical leads. 

- PC with a controlling program. 

Fig. 6 Measurement set-up
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The  device  used  for  charging  and  discharging  provides  a  constant  current  for  both

processes.  The  operation  mode  switches  automatically  from  charging  to  discharging  if

negative value of current is entered. The state of the device is symbolized by two diode

indicators: green shows charging, and red – discharging. If none of these indicators is active,

the device works as a digital voltammeter and sustains zero current. 

Due to vulnerability of supercapacitors to opposite voltage, and too charging high voltage,

the device has been equipped with a safety lock. For voltage outside the normal operating

range, the device automatically switches from charge/discharge mode do voltammeter mode.

In certain cases, this can obstruct measurement – especially upon first connection of the

capacitor to the unit, for which the capacitor is in an undefined state. If the devices switches

to voltammeter mode already at start, the leads of the capacitor should be connected to the

resistor  for  a  few minutes to  discharge it  completely.  The resistor  limits  the short-circuit

current, which could otherwise damage the leads of the capacitor.

The measurements can be done either in an automatic mode (program supercap) – all three

phases  of  charging  and  discharging  cycle  will  be  performed,  or  in  manual  mode  –  by

msupercap. In the manual mode, the device works in voltammeter mode upon entering zero

current. 

Performing the exercise

1. Selected capacitor should be connected to the charging/discharging device. Please

respect the polarity! 

2. If the key which connects the leads to the resistor is not closed („R” position), switch it

to this position for at least  2 minutes to discharge the capacitor.  Do not forget to

switch it back before the measurement.

3. Turn on the computer and execute the supercap program. 

4. In case of automatic measurements, check the for the proper voltage, charge and

discharge currents. If these values are not provided with the capacitor, ask the tutor

or laboratory assistance. 

5. The  remaining  parameters  (time  of  measurement,  sampling  rate  etc.)  should  be

discussed  with  the  tutor.  Before  start,  these  parameters  and  correctness  of

connection should be checked by the tutor. 

6. In  menu  „measurements”  enter  and  confirm  the  name  of  the  output  file.  The

measurement window will show up automatically. 

7. Start the measurements. In the automatic mode, the measurement will comprise full

charging and discharging cycle. In manual mode, each phase of the cycle should be

initiated, and stored in different files. 

8. The measurements can be repeated either for a different capacitor, or for the same

capacitor  using  other  parameters.  After  each  measurement  cycle,  the  capacitor

should be discharged.
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*  Additionally,  discharge of  the capacitor using the resistor can be investigated.  Charge capacitor

should  be connected to the charge/discharge device.  The manual msupercap program should be

executed,  and the  charge  current  set  to  zero  so  that  the device  works  as a  voltammeter.  Then,

simultaneously the key should be turned to „R” position, and the measurement should be started. The

observed voltage time dependence will have an exponential character. After linearization of the data,

fitting by least squares method allows to estimate the time constant of discharge process. Basing on

this time constant and capacitance calculated earlier, a total resistance of the circuit can be calculated.

This value is a sum of the resistor in charge/discharge device, internal resistance of capacitor, and

resistance of the leads.

Data analysis:

1. Import the file from the 1 phase of the cycle (charging) to Origin and draw a plot of

voltage time dependence. 

2. In the plot, define range in which the dependence is nearly linear, and fit a straight

line  to  that  range  using  least  squares  method.  Define  the slope  of  this  line  and

uncertainty of the calculation. If the dependence is far from linear, the slope can be

estimated using two points on the plot. 

3. Basing on the fit results, calculate capacitance and its uncertainty.

4. Import the file from the 2 phase of the cycle (voltage of a charged capacitor) to Origin

and draw a plot of voltage time dependence. 

5. Define the type of voltage time dependence, and thus the main process responsible

for discharge. Plot the ln(U) as a function of time, and U as a function of t1/2 . For both

plots, perform a linear fit by least squares method. Compare the quality of the two fits,

and decide which of the models is appropriate for studied case.  For the model with

better  fit  quality,  calculate  the  characteristic  parameters  which  describe  the  time

dependence and uncertainty of those parameters. Caution – the initial time of phase

2 should be recalculated to „zero”

6. Import the file from the 3 phase of the cycle (discharge) to Origin and draw a plot of

voltage time dependence. 

7. Calculate the capacitance of the capacitor using two methods: the one described in

IEC standard and according to the slope of the line fitted by least squares method. In

the first case, the VR value should be taken as the last value measured in phase 2. In

the second case,  a  range should  be  selected on a  plot,  for  which  the observed

dependence has a linear character. 

8. Estimate the of both methods. 

9. According to the initial drop of voltage, calculate the value of internal resistance of

capacitor using extrapolation method described in the IEC standard.  Estimate the

uncertainty of this value. 

10.  Compare the capacitance calculated for charge and discharge. 

11.  Plot the voltage time dependence for the whole measurement cycle.
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Questions

1. Estimate the value of  surface area required to obtain the capacitance of  1mF for

capacitors: 

a) parallel plate vacuum capacitor with a distance between the plates of 0.1mm 

b) electrolytic capacitor with electrode covered with a 1 m layer of aluminum oxide 

c) supercapacitor with a double layer thickness of 0.1 nm.

2. Discuss  the  similarities  and  differences  between  electrolytic  capacitors  and

supercapacitors. 

3. Name and shortly characterize models of a double layer, draw schemes which shows

the layout of ions at the electrode/electrolyte interface for each of the models. 

4. Explain  the  physical  background  of  pseudocapacitance  and  the  principles  of

operation of a pseudocapacitor. 

5. Discuss  possible  applications  of  a  rechargeable  galvanic  cell,  fuel  cell,  and

supercapacitor. 
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