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The charge – discharge profile of Li-ion cell

Electrical energy storage 

The production, conversion and storage of energy are key issues in the functioning of

the  global  economy,  and  their  importance  is  constantly  growing.  The  declining  natural

resources force a departure from traditional energy based on the combustion of oil, coal and

natural gas and the search for new solutions, such as solar, wind, water or fuel cells. Most of

them generate electrical energy, which often cannot be used directly and therefore should be

stored. The rapid development of the electronics industry also stimulates the design of lighter

and  stronger  portable  power  sources.  In  many  developing  countries,  with  so  far  poorly

developed  infrastructure,  the  availability  of  electronic  means  of  communication  such  as

phones and laptops plays a huge role in the development process, providing not only the

flow of commercial information, but also access to health care and education.

Electrochemical cells

Archaeological research shows that the first electrochemical cells could be built already in

the antiquity,  with the potential  application of silver  and gold coating (electroplating).  The

works of  Luigi  Galvani  and Alessandro Volta were the basis for  the modern research of

electrochemical cells. These works have shown that placing plates of two different metals in

a  solution  that  allows  the  exchange  and  transport  of  ions  (electrolyte)  can  lead  to  the

generation of  an electrical  potential  difference between these plates (electrodes) and the

resulting flow of electric charge in the external electrical circuit.

The metals can be arranged in a table according to the value of the potential  difference

obtained in a pair with an electrode made of another metal, called the electrochemical (or

galvanic)  series.  Since  in  each case the potential  of  a  given electrode is  determined  in

relation to another material, there is a need to find a stable and repeatable reference. Such

reference  is  a  gas  hydrogen  electrode,  for  which  the  value  of  the  potential  in  series  is

conventionally assumed to be "zero". The use of hydrogen as a reference has one more

advantage: it is a very well-researched element of the simplest possible structure, for which

the energy needed to detach an electron from the atomic nucleus (ionization energy) can be

determined with high accuracy. The electrochemical series with hydrogen as the reference is

also called the standard series. Studies have shown that alkaline elements such as lithium,

sodium  and  potassium  produce  a  significant  negative  potential  towards  the  hydrogen

electrode (e.g. for lithium it is -3.04V). These elements have one electron on the last shell
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and therefore  the energy  needed  to  detach it  is  relatively  low,  because  after  losing  the

valence electron the atom obtains an energetically favorable noble gas configuration.

Cell construction

One of the model examples to explain the principle of the cell is the zinc-copper Daniell cell.

It consists of two half-cells connected by an electrolytic key. In one of the half-cells, the zinc

plate is immersed in an aqueous solution of zinc sulphide ZnSO4. In the second half-cell, the

copper plate is immersed in an aqueous solution of CuSO4 salt. In the voltage series, the

potential of  zinc towards the hydrogen electrode is -0.76V, while for copper the standard

potential is + 0.345V. The zinc atoms on the electrode surface detach from it and dissolve in

the solution, which requires the donation of two electrons. The zinc plate acquires a negative

charge, becoming the  anode. On the copper electrode, copper ions from the solution are

adsorbed  -  they  are  deposited  on  the  electrode  surface.  This  process  requires  the

attachment of two electrons from the electrode – the electrode acquires a positive charge

and becomes the cathode.

In  order  to  sustain  the  electrode  reactions,  the  electrical  charges  must  be  exchanged

between the electrodes. In the cell, the flow of charge is provided by an external electron-

conducting circuit and by an internal ion-conducting electrolyte. In Daniell cell, the salt key

conducts SO4
2- ions that pass from the cathode side to the anode side. Instead of a key, it is

also possible to use porous selective membranes that are impermeable to zinc and copper

ions.

The reaction taking place in Daniell cell is not reversible. Discharging a cell can be treated as

a spontaneous process of converting chemical energy into work done by the cell in the form

of forcing the flow of electric charge in the circuit. However, there are many types of cells in

which we can reverse the course of the reaction after discharging. This requires an external

power source connection. These cells are called batteries or rechargeable cells.

Fig. 1. The scheme of Daniell cell (left) i and Li-ion rechargeable cell (right).
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Li-ion cells

Among the commercially produced rechargeable cells, Li ion cells offer one of the best ratios

of  stored  energy  to  mass  and  dimensions.  During  the  discharge  process,  lithium

accumulated in  the anode material  enters the electrolyte in  the form of  Li+ ions,  leaving

excess electrons on the electrode. Lithium ions are transported through the electrolyte and

reach the cathode, where they are incorporated (e.g. by intercalation) into the structure of the

electrode material. This process requires the collection of an electron from electrode. When

the  cell  is  charged,  an  external  power  source  forces  the  lithium  ion  transport  from  the

cathode to the anode.

Metallic lithium can be used as the anode material in lithium cells. Such a solution provides a

high  potential  difference  in  relation  to  the  cathode,  but  it  is  usually  associated  with  a

reduction  in  the number  of  cycles  that  can be realized  with  the cell.  The reason is  the

dendrite growth on the surface of the lithium electrode. In the charging process, the lithium is

not deposited as a homogeneous layer, but instead produces branched crystalline structures.

With  subsequent  charging  cycles,  they  grow  deeper  and  deeper  into  the  electrolyte,

eventually leading to a dangerous short circuit. For this reason, lithium is generally replaced

with graphite, which has the ability to accumulate lithium between the graphene layers. There

are other materials in which more lithium can be stored, such as silicon or sulfur. However,

their use is associated with further problems, such as, for example, a significant change in

the volume of silicon leading to the electrode "swelling".

Frequently used cathode materials are nickel, manganese and cobalt compounds (so-called

NMC cathodes) or iron oxides LiFePO4. The cathode material is primarily required to exhibit

a significant  potential  difference with respect  to lithium,  the ability  to  store lithium in the

structure, but also good electronic and ionic conductivity. Li-ion cells are often used in high-

power devices, which require fast discharging and charging. The cathode material must not

only accumulate as much lithium as possible,  but also ensure that it  can be transported

quickly  towards  the  junction  with  the  electrolyte.  Physical  and  chemical  stability  is  an

important feature of both cathodes and anodes. The unstable cathode structure can lead, for

example, to the release of oxygen which reacts with electrolyte components, increasing the

risk of rapid temperature rise and ignition of the cell.

An essential  element of  a lithium-ion cell  is  the electrolyte.  Most  commercially  produced

lithium cells contain a polymer electrolyte with the addition of organic solvents. The polymers

used in the cells act itself as a solid solvent - as a result of interaction with polymer chains,

lithium salts electrolyte dissociate, releasing mobile Li + ions. However, most polymers used

in electrolytes do not provide adequate ionic conductivity. Additional organic solvent provides

lithium ions  with additional  conduction  paths through ionic  interactions.  The solvents are

flammable and may react with the electrodes in an undesirable manner, reducing the safety

and durability of the cells. For this reason, in the future, it is planned to manufacture cells

without a solvent, with only polymer or ceramic electrolyte.
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Cell parameters

Open-circuit voltage (OCV)

The basic parameter of the cell is the potential difference produced between the electrodes

without electrical load - called open cell voltage (OCV) or electromotive force. Only in the first

approximation, the open cell voltage is equal to the standard potential difference. According

to the Nernst equation, the electromotive force may also depend on the temperature of the

system as  well  as  the  activity  and  concentration  of  ions  in  the  solution.  Therefore,  the

electromotive  force  in  the  Daniell  cell  mentioned  as  an  example  is  not  constant  and

decreases with the discharge process, because the zinc ion concentration in the solution

increases in the zinc half-cell, and the copper ion concentration in the solution decreases in

the copper half-cell.

The dependence of the open circuit voltage of the cell on the charging level of the cell is also

observed in the case of lithium-ion cells. The OCV plotted as a function of State Of Charge

(SOC - expressed as a percentage or directly in the amount of electric charge stored in the

cell) is also referred to as the cell voltage profile. The shape of the voltage profile depends on

the type of material used in both electrodes - the anode and the cathode.

A steep slope of the voltage profile indicates that lithium is gradually entering the material

structure (intercalation). This process can be compared to heating water in a calorimeter -

the temperature of the water increases proportionally to the amount of heat supplied. The

presence of "steps" or flat fragments on the voltage profile indicates the presence of lithium

compounds and electrode material  with a specific  stoichiometry  (molar  ratio  of  lithium to

electrode  material).  In  this  case,  the  incorporation  of  lithium  into  the  structure  has  the

character of a structural change. A calorimetric analog to this case is heating an ice-water

mixture - the temperature of the mixture will not rise until all of the ice is molten. Multiple

steps  on  the  voltage  profile  can  mean the  existence  of  several  different  phases  of  the

electrode material  and lithium with  different  stoichiometry.  The charging and discharging

process corresponds to the transition from a phase with one stoichiometry to a phase with a

another stoichiometry.

In practice, a "flat" characteristic of

the  voltage  profile  around  the

operating voltage is desirable, since

cell-powered  electronic  devices

mostly  function  only  in  a  narrow

voltage range. Cells with a "steep"

voltage  profile  with  a  significant

slope  factor  require  the  use  of

additional  voltage  converters  to

maintain  a  constant  value  in  the

external  circuit.  The  flat  voltage
4

Fig. 2 Voltage profile as a function of cell
charging state. For A the lithium is evenly
distributed in the structure (solid solution)
and for B a structural change occurs. 



profile, observed for many types of lithium-ion cells, is one of the important advantages of

this type of cells over others.

Internal resistance

The transport  of  charge inside the cell  is  accompanied by energy losses.  Two transport

processes take place simultaneously in the electrodes - the conduction of electrons and ions.

Each of these phenomena can be assigned a specific resistance, and the final resistance

value of the entire electrode depends not only on the material from which it was made, but

also on the geometry of the electrodes. It should be noted that the electrical leads of the cell

are not  made of  the electrode material,  but  the  charge is  distributed over  the  electrode

surface  by  means  of  additional  plates  or  meshes  (current  collectors).  In  many  types  of

lithium-ion  cells,  the  electrolyte  contributes  significantly  to  the  electrical  resistance.  The

electrolyte  resistance  can  be  reduced  by  using  thin  layers  with  a  large  surface  area.

Transporting  the  charge  in  the  cell  also  requires  ions  to  cross  the  electrolyte-electrode

junction. The processes of attaching the ion to the electrode (adsorption) and then entering

the electrode material may not only cause energy losses, but also reduce the charging and

discharging rates.

Many manufacturers provide the value of the internal resistance of a cell, but it should be

remembered that this resistance may change (usually increase) with increasing charging or

discharging current, and is also dependent on the state of charge SOC. Modeling the internal

resistance of the cell with a linear element (resistor) is therefore of limited use. The internal

resistance  of  the  cell  shows  strong  temperature  dependence.  This  is  related  to  the  ion

transport mechanisms: in the electrodes, the ion transport corresponds to the jumps through

successive  potential  barriers  inside  the  crystal  structure.  As  with  semiconductors,

conductivity increases exponentially with temperature. Also, the movement of lithium ions in

the electrolyte requires the ions to jump to subsequent positions. In this case, the transport is

assisted by the movements of the flexible polymer chains, as well as the interaction with the

solvent  molecules.  Therefore,  the  internal  resistance  of  lithium-ion  cells  increases

significantly at low temperatures, which reduces their efficiency.

Energy and electrical charge

The capacity of the cell is a colloquial term for a physical quantity that actually corresponds

not  to  the  electric  capacitance  (expressed  in  farads),  but  to  the  amount  of  charge

accumulated in the cell. It is customary to use ampere hours or milliampere hours instead of

coulombs as a unit. This is convenient from a practical point of view, because it is easy to

calculate how long the cell will operate at a certain discharge current. Unless specified by the

manufacturer,  the  value  is  normally  given  for  a  10-hour  discharge  process.  Since  (as

described above) with the increase of the charging and discharging rates, the energy losses

in the cell increase, a charge higher than the nominal charge must be used to quickly charge

the cell. For the same reason, during fast discharge we do not recover the nominal value of
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the accumulated charge. So, for example, by using a fast charger for an electric vehicle, we

will pay more for charging the battery to a given state of charge, than by slowly charging. 

The energy  drawn from a constant  voltage source can be  calculated  by  multiplying  the

voltage by the charge

:EP=U ∙Q=U ∙ I ∙t (1)

In the case of capacitors, the potential difference between the plates varies from zero to the

maximum value, so when calculating the stored energy, we can use the integral formula:

EP=∫
0

Q

U (q)dQ=∫
0

Q
q
C
dQ=

Q2

2C
=
C U2

2
(2)

In the case of a lithium-ion cell,  the voltage can change significantly during charging and

discharging, especially around the minimum and maximum voltages for a given cell  type.

When calculating the energy stored in the cell, we must therefore apply a similar approach as

in the case of capacitors and make the calculations using the integral method. A simple way

to do numerical integration in any spreadsheet is given in the section “Analysis of results”.

Charge and discharge current

In  the  datasheets  of  lithium-ion  cells,  we  often  find  voltage  profiles  for  several  different

charge and discharge currents. Manufacturers usually do not give the values of the currents

in A or mA, but in relation to the nominal charge accumulated in the cell and the discharge

time. For example, 1C (one hour) current for a 1000 mAh cell corresponds to a 1000 mA

discharge / charge, and 0.1C (ten hours) current for the same cell is 100 mA. This way of

presentation can be misleading: since the nominal capacities of cells are usually calculated

for 0.1C (charging / discharging for 10 hours), discharging the same cell with 1C current may

take less than an hour,  because higher energy losses occur for higher currents, and 1C

charging may last more than an hour.

An important parameter is the maximum charge and discharge current. Majority of lithium-ion

cells have a maximum current of 2C or 5C, and often the maximum charging current is less

than the maximum discharge current.  This  is due to,  for  example,  high sensitivity  of  the

graphite layers  in  the anodes to high charging currents,  at  which solvent  molecules  are

"pushed" into the graphite substrate by the migrating lithium ions, consequently destroying

the electrode surface. Drone cells tolerate higher discharge currents, e.g. 10C or 20C. Many

types of  cells  for  electric  buses have titanium oxide anodes which enable  high charging

currents.

Nominal voltage and charging cycle

The cell parameters usually given by the manufacturers of Li-ion cells are:
- nominal voltage Un. This voltage should be calculated on the basis of the energy stored in

the cell (calculated using the integration method): assuming a constant current discharge:

EP=∫
0

Q

U (q)dQ=∫
0

T

U (t) I d t=Un ∙ I ∙ T (3)
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Where  I – nominal discharge current,  Ep – stored energy,  T – total  discharge time,  Un –

nominal voltage.

Depending on the type of cell, it is usually around 3.7 or 3.6V. Some manufacturers use a

different method of calculating the nominal voltage, which usually leads to an overestimation

of the value of the energy stored in the cell.

-  maximum voltage.  This is the maximum voltage value that  the cell  can be charged to.

Exceeding the maximum value may result in irreversible damage to the electrode (usually the

cathode) or electrolyte and a significant reduction in the amount of energy stored in the cell.

-  minimum voltage.  It  is  the minimum voltage value below which the cell  should  not  be

discharged. Discharging the cell below the minimum voltage will damage the electrodes or

electrolyte.

Due to the characteristics of the Li-ion charging process and the presence of a "steep" area

in the voltage profile near the maximum voltage value, the recommended charging method is

the so-called CC-CV, i.e. charging with constant current until reaching the maximum voltage

value, then maintaining the constant voltage and charging until the current drops below the

threshold value. When using the CC-CV charging method, the charging time of Li-ion cells is

extended by about 30% compared to the value calculated only on the basis of the charging

current, e.g. charging a 1000 mAh cell with 1C (1000 mA) current in the CC phase with this

method typically requires about 20 minutes of charging in the CV phase, so a total of 1 hour

20 minutes of charging. The CV phase is desirable due to the slow pace of some charge

transport processes in the cell and allows for achieving a state close to equilibrium. CC-only

charging  usually  results  in  a  significant  voltage  drop  just  after  the  charging  process  is

complete, because the ions transfer and intercalation process into the anode structure was

interrupted before the lithium ions took all available positions.

Measurement setup

The scheme of the measuring system is shown in Figure 3. It consists of:

- Electronically controlled charging and discharging system,

- A board with a Li-ion cell attached to it,

- Computer with the control program.

Fig. 3 Measurement setup
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The charging and discharging system ensures that the current value is kept constant. It can

act  as  a  regulated  current  source  when  charging,  and  as  an  electronic  load  when

discharging.  Transition from the charging process to the discharging process takes place

automatically after setting a negative current value. The operating status of the device is

indicated  by two LEDs:  green means charging,  and red -  discharging.  If  neither  LED is

illuminated,  the  device  maintains  zero  current  and  acts  as  a  digital  voltmeter.  The

measurement is carried out using four electrodes - the voltage is measured by means of

independent cables.

By default, the program works in automatic mode, in which it carries out three measurement

phases:

- phase 1: charge or discharge until the user-defined voltage threshold is reached. In

the case of charging, it is the maximum voltage, in the case of discharge - minimum.

After reaching this threshold, the program automatically moves to the next phase. In

order for the instrument to discharge the cell, enter a negative current value in mA.

- phase 2: zero current.  This phase is carried out for the set number of seconds.

Entering zero seconds will skip phase 2.

- phase 3: charge or discharge until the next voltage threshold is reached (according

to the selected mode).

In the laboratory exercise, only the DC part of the charging process (CC) is demonstrated.

For this reason,  after  the completion of  individual  phases,  steps in the observed voltage

profiles may be observed. They are caused on the one hand by the internal resistance of the

cell, and on the other hand by the long time constant of the processes taking place inside the

cell.  For higher charging and discharging currents,  the influence of  both these factors is

increased, so voltage spikes or steps are also greater.

The measurement program may not allow you to enter all voltage threshold values. This is

due  to  the  cell's  operational  safety  requirements.  The  tutor  should  be  asked  about  the

permitted voltage thresholds. For most Li-ion cells, the minimum voltage allowed is 2.6V, and

the maximum voltage is 4.2V.

On  the  measurement  computer,  in  the  program  catalog,  there  are  also  model  voltage

profiles,  measured  in  the  constant  current  mode  with  a  value  of  0.1C.  It  would  not  be

possible to perform such long-term measurements during student laboratories. Profiles are

used to calculate the nominal value of energy consumed in the charging process, energy

received in the discharge process, and the nominal efficiency of the cell. Before starting the

exercise,  check  the  minimum  and  maximum  voltage  values  for  which  reference

measurements have been made.

Performing the exercise

1. Turn on the computer and start the measurement program.

2. Search for reference data and record the maximum and minimum voltage values.

3. Connect the selected set with the cell to the device using a dedicated cable.
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4. Perform a test measurement of the cell voltage in the measurement program in the

“parameter setting” window to determine its state of charge.

5. If the voltage of the cell is near the minimum value (e.g. 2.7V), the cell is discharged,

and a cycle should be planned where phase 1 is charging and phase 3 is discharging.

If the cell's voltage is close to the maximum, the cell should be discharged in phase 1,

and charged in phase 3. 

6. For all other cases, the cell should first be discharged to the minimum voltage value

with 2C current and then 0.2C current (in phases 1 and 3, enter two negative current

values).

7. If time allows, the main measurements should include two different values of charging

and discharging currents. We consult the current values with the teacher. Usually, the

first measurement is made at 2C. The second measurement can be made at 5C or

10C at  discharge.  Due to the durability of the cell,  it  is not recommended to use

currents greater than 2C for charging. Pay attention to the estimated measurement

time (e.g.  charging  and discharging  with  2C current  takes an hour,  and  with  1C

current - two hours. 

8. Agree the remaining values  (measurement duration, sampling frequency, etc.) with

the tutor. Before starting the measurement, the tutor should be asked to check the

parameter configuration.

9.  In the "Measurements" menu, enter and confirm the name of the file with the results.

Please do not enter the file extension, the program automatically creates a collective

file  with  the .dat  extension  and  the .001,  .002 and .003  files  for  the  subsequent

measurement phases. The measurement window will appear automatically. 

10. After completing the measurement, set new parameters and / or start analyzing the

results.

Additionally, in the exercise it is possible to test the internal resistance of the cell by connecting a

known load to the cell. In such a case, the tutor should be asked for an additional plate, enabling the

connection of an adjustable resistor. Measure the open-cell voltage (OCV) and then, after consulting

with the Tutor and using the results obtained in previous measurements, plan what resistance values 

should be set on the regulated resistor. For the selected values, measure the voltage and current

using digital multimeters.

Data analysis

1. Import the sample cell charge and discharge files at 0.1C to the spreadsheet.

2. Make graphs of charge and discharge voltage profiles with 0.1C current. Place the

voltage on the Y axis, and the charge on the X axis (multiply the current and time).

3. Perform numerical  integration of  the voltage profile  in  the worksheet:  multiply  the

voltage values by the current I and the time between measurements t. Then calculate

the sum of all cells in the column. In the spreadsheets from the Microsoft and Open

Office packages,  the operation can be performed directly by adding up the whole
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column. In the Origin program, you should make a plot and perform the “integrate”

operation, with voltage on the Y axis and charge on the X axis. If the range of the

voltage  measured  during  the  exercise  was  narrower  than  that  contained  in  the

reference file, the operation should be performed twice: once for the full range and

once for the range measured during the exercise. The value obtained is the energy

used for the charging process or received in the discharge process. 

4. Calculate the efficiency of the cell for 0.1C charge / discharge current based on the

calculated values.

5. Import measurement files for the charging (.001, if the cells were discharged before

starting the measurements) and discharging (.003, if the cell was discharged before

starting the measurements) measured during the laboratory.

6. Make plots of voltage profiles as a function of charge, analogically to point 2. Make

comparative plots of data measured in the laboratory and reference data.

7. Analyze the experimental data in the same way as in point 3.

8. Calculate the efficiency of  the charging and discharging process measured in  the

laboratory.

9. Calculate the internal resistance of the cell from voltage step between zero current

phase and charging/discharging phase, using value of voltage step and current.

10. Perform a comparison of the data obtained with different measurement parameters:

charging / discharging currents or with different ranges of minimum and maximum

voltage.

11. Analyze  the  course  of  the  second  phase  of  measurement  (measurement  in  the

voltmeter mode), if such phase was performed during the measurements.

12. Formulate conclusions resulting from the data analysis.

Example questions

1. According to the manufacturer's data, the cell  has a capacity of 3000 mAh and a

nominal voltage of 3.65V. Calculate the stored energy in J.

2. For a certain cell with a nominal capacity of 2000 mAh, the minimum and maximum

voltages are 2.8 and 4.1V, respectively, and the maximum discharge current is 3C.

Enter the minimum and maximum power available from the cell.

3. List the differences and similarities between a Daniell cell and a Li-ion cell.

4. Describe what materials are used in the production of Li-ion cells.

5. Define  the  concept  of  the  voltage  profile  of  the  cell  and  explain  what  physical

phenomena influence its shape.

6. Describe  the  procedure  for  charging  Li-ion  cells  and  explain  why  such  charging

process is necessary.

7. Describe  how  to  determine  the  internal  resistance  of  a  call  using  an  adjustable

resistive load. Draw a measuring circuit.

10


	 Cell parameters

