Batteries have three parts, an anode (-), a cathode (+), and the electrolyte. The cathode and anode (the positive and negative sides at either end of a traditional battery) are hooked up to an electrical circuit. The chemical reactions in the battery causes a build up of electrons at the anode.
primary (non-rechargeable) alkaline batteries have a nominal voltage of 1.5 volts. Rechargeable NiCd (nickel cadmium) and NiMH (nickel metal hydride) typically output 1.25 volts per cell. ... Dry Leclanche (carbon-zinc), alkaline and lithium batteries are the most common modern types

Example 1:

Determine the emf produced when a voltaic cell is established using electrodes of –

• copper and zinc: _______________ • silver and lead:_______________

• aluminium and gold:____________ • carbon and zinc:______________
A voltaic cell is an electrochemical cell that uses a chemical reaction to produce electrical energy. The important parts of a voltaic cell:[image: image86.png]Voltaic Cell
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1. The anode is an electrode where oxidation occurs. 

2. The cathode is an electrode where reduction occurs.

3. A salt bridge is a chamber of electrolytes necessary to complete the circuit in a voltaic cell.

4. The oxidation and reduction reactions are separated into compartments called half-cells.

5. The external circuit is used to conduct the flow of electrons between the electrodes of the voltaic cell and usually includes a load.

The load is the part of the circuit which utilizes the flow of electrons to perform some function
In redox reactions, electrons are transferred from one species to another. If the reaction is spontaneous, energy is released, which can then be used to do useful work. To harness this energy, the reaction must be split into two separate half reactions: the oxidation and reduction reactions. The reactions are put into two different containers and a wire is used to drive the electrons from one side to the other. In doing so, a Voltaic/ Galvanic Cell is created.

Introduction

When a redox reaction takes place, electrons are transferred from one species to the other. If the reaction is spontaneous, energy is released, which can be used to do work. Consider the reaction of a solid copper (Cu(s)) in a silver nitrate solution (AgNO3(s)).

\[2Ag^+_{(aq)} + Cu_{(s)} \leftrightharpoons Cu^{2+}_{(aq)} + 2Ag_{(s)}\]

The \(AgNO_{3\;(s)}\) dissociates in water to produce \(Ag^+_{(aq)}\) ions and \(NO​​^-_{3\;(aq)}\) ions. The NO3-(aq) ions can be ignored since they are spectator ions and do not participate in the reaction. In this reaction, a copper electrode is placed into a solution containing silver ions. The Ag+(aq) will readily oxidize Cu(s) resulting in Cu2+(aq), while reducing itself to Ag(s).

This reaction releases energy. When the copper electrode solid is placed directly into a silver nitrate solution, however, the energy is lost as heat and cannot be used to do work. In order to harness this energy and use it do useful work, we must split the reaction into two separate half reactions; The oxidation and reduction reactions. A wire connects the two reactions and allows electrons to flow from one side to the other. In doing so, we have created a Voltaic/ Galvanic Cell.





Figure \(\PageIndex{1}\): Voltaic Cell
A Voltaic Cell (also known as a Galvanic Cell) is an electrochemical cell that uses spontaneous redox reactions to generate electricity. It consists of two separate half-cells. A half-cell is composed of an electrode (a strip of metal, M) within a solution containing Mn+ ions in which M is any arbitrary metal. The two half cells are linked together by a wire running from one electrode to the other. A salt bridge also connects to the half cells. The functions of these parts are discussed below. 

Half Cells

Half of the redox reaction occurs at each half cell. Therefore, we can say that in each half-cell a half-reaction is taking place. When the two halves are linked together with a wire and a salt bridge, an electrochemical cell is created.

Electrodes

An electrode is strip of metal on which the reaction takes place. In a voltaic cell, the oxidation and reduction of metals occurs at the electrodes. There are two electrodes in a voltaic cell, one in each half-cell. The cathode is where reduction takes place and oxidation takes place at the anode.

Through electrochemistry, these reactions are reacting upon metal surfaces, or electrodes. An oxidation-reduction equilibrium is established between the metal and the substances in solution. When electrodes are immersed in a solution containing ions of the same metal, it is called a half-cell. Electrolytes are ions in solution, usually fluid, that conducts electricity through ionic conduction. Two possible interactions can occur between the metal atoms on the electrode and the ion solutions.

1. Metal ion Mn+ from the solution may collide with the electrode, gaining "n" electrons from it, and convert to metal atoms. This means that the ions are reduced.

2. Metal atom on the surface may lose "n" electrons to the electrode and enter the solution as the ion Mn+ meaning that the metal atoms are oxidized.

When an electrode is oxidized in a solution, it is called an anode and when an electrode is reduced in solution. it is called a cathode.
· Anode: The anode is where the oxidation reaction takes place. In other words, this is where the metal loses electrons. In the reaction above, the anode is the Cu(s) since it increases in oxidation state from 0 to +2.

· Cathode: The cathode is where the reduction reaction takes place. This is where the metal electrode gains electrons. Referring back to the equation above, the cathode is the Ag(s) as it decreases in oxidation state from +1 to 0. 

Remembering Oxidation and Reduction

When it comes to redox reactions, it is important to understand what it means for a metal to be “oxidized” or “reduced”. An easy way to do this is to remember the phrase “OIL RIG”.

OIL = Oxidization is Loss (of e-)

RIG = Reduction is Gain (of e-)

In the case of the example above \(Ag^+_{(aq)}\) gains an electron meaning it is reduced. \(Cu_{(s)}\) loses two electrons thus it is oxidized.

The salt bridge is a vital component of any voltaic cell. It is a tube filled with an electrolyte solution such as KNO3(s) or KCl(s). The purpose of the salt bridge is to keep the solutions electrically neutral and allow the free flow of ions from one cell to another. Without the salt bridge, positive and negative charges will build up around the electrodes causing the reaction to stop.

The purpose of the salt bridge is to keep the solutions electrically neutral and allow the free flow of ions from one cell to another.

Flow of Electrons

Electrons always flow from the anode to the cathode or from the oxidation half cell to the reduction half cell. In terms of Eocell of the half reactions, the electrons will flow from the more negative half reaction to the more positive half reaction. A cell diagram is a representation of an electrochemical cell. The figure below illustrates a cell diagram for the voltaic shown in Figure \(\PageIndex{1}\) above.
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Figure \(\PageIndex{2}\): Cell Diagram. The figure below illustrates a cell diagram for the voltaic shown in Figure \(\PageIndex{1}\).
When drawing a cell diagram, we follow the following conventions. The anode is always placed on the left side, and the cathode is placed on the right side. The salt bridge is represented by double vertical lines (||). The difference in the phase of an element is represented by a single vertical line (|), while changes in oxidation states are represented by commas (,).

When asked to construct a cell diagram follow these simple instructions. Consider the following reaction:

\[2Ag^+_{(aq)} + Cu_{(s)} \rightleftharpoons Cu^{2+}_{(aq)} + 2Ag_{(s)}\]

Step 1: Write the two half-reactions.

\[Ag^+_{(aq)} + e^- \rightleftharpoons Ag_{(s)}\]

\[Cu_{(s)} \rightleftharpoons Cu^{2+}_{(aq)} + 2e^-\]

Step 2: Identify the cathode and anode.

\(Cu_{(s)}\) is losing electrons thus being oxidized; oxidation occurs at the anode.

· Anode (where oxidation occurs): \(Cu_{(s)} \rightleftharpoons Cu^{2+}_{(aq)} + 2e^-\)

\(Ag^+\) is gaining electrons thus is being reduced; reduction happens at the cathode.

· Cathode (where reduction occurs): \(Ag^+_{(aq)} + e^- \rightleftharpoons Ag_{(s)}\)

Step 3: Construct the Cell Diagram.

\[Cu_{(s)} | Cu^{2+}_{(aq)} || Ag^+_{(aq)} | Ag_{(s)}\]

The anode always goes on the left and cathode on the right. Separate changes in phase by | and indicate the the salt bridge with ||. The lack of concentrations indicates solutions are under standard conditions (i.e., 1 M)
Example \(\PageIndex{1}\)

Consider the following two reactions:

\[Cu^{2+}_{(aq)} + Ba_{(s)} \rightarrow Cu_{(s)} + Ba^{2+}_{(aq)}\]

\[2Al_{(s)} + 3Sn^{2+}_{(aq)} \rightarrow 2Al^{3+}_{(aq)} + 3Sn_{(s)}\]

1. Split the reaction into half reactions and determine their standard reduction potentials. Indicate which would be the anode and cathode.

2. Construct a cell diagram for the following each reactions.

3. Determine the \(E^o_{cell}\) for the voltaic cell formed by each reaction.

Solution
1.a) Ba2+(aq) → Ba(s) + 2e- with SRP (for opposite reaction) Eo = -2.92 V (Anode; where oxidation happens)

Cu2+(aq) + 2e- → Cu(s) with SRP Eo = +0.340 V (Cathode; where reduction happens)

1.b) Al3+(aq) → Al(s) + 3e- with SRP (for opposite reaction) Eo = -1.66 V (Anode; where oxidation happens)

Sn2+(aq) +2e- → Sn(s)  with SRP Eo = -0.137 V (Cathode; where reduction happens)

2.a) Ba2+(aq) | Ba(s) || Cu(s) | Cu2+(aq)
2.b) Al(s) | Al3+(aq) || Sn2+(aq) | Sn(s)
3.a) Eocell = 0.34 - (-2.92) = 3.26 V

3.b) Eocell = -0.137 - (-1.66) = 1.523 V

Cell Voltage/Cell Potential

The readings from the voltmeter give the reaction's cell voltage or potential difference between it's two two half-cells. Cell voltage is also known as cell potential or electromotive force (emf) and it is shown as the symbol \(E_{cell}\). 

Standard Cell Potential:

\[E^o_{cell} = E^o_{cathode} - E^o_{anode}\]

The Eo values are tabulated with all solutes at 1 M and all gases at 1 atm. These values are called standard reduction potentials. Each half-reaction has a different reduction potential, the difference of two reduction potentials gives the voltage of the electrochemical cell. If Eocell is positive the reaction is spontaneous and it is a voltaic cell. If the Eocell is negative, the reaction is non-spontaneous and it is referred to as an electrolytic cell.
6. PRIMARY CELL USE, TEMPERATURE, DISPOSAL & SAFETY

• many primary cells perform less favourably at lower temperatures because the

chemical reaction is ___________ at low temperatures (Slow)
• cells should be stored at temperatures below 50oC; as the internal chemical activity

can ___________ and cause the cell to discharge. (increase)
• never ___________________ cells of different types (connect)
• never ___________________ circuit cells they may explode (Short)
• never attempt to _________________ primary cells they may _______________

(crush, explode)

• never throw cells in a fire as they may __________________

(explode)

• consider the environment, when disposing, some cells contain _______________

Chemicals (dangerous)
Therefore, a secondary cell can be ___________________.  (converter)
The secondary cell, also referred to as a ‘storage cell’, is also device that converts

chemical energy to electrical energy, but in a process that is _________________. (conversion)

The chemical process can then be reversed by ________________________ the cell from a source of electrical energy and repeating the cycle. (charging)
simple terms;

• When energy is being returned to the cell it is being ________________ (Figure 3)

• When energy is being taken out of the cell, the cell is _______________ (Figure 4)

Charged/ Discharged
Each cell type has a different energy density. The energy density of a cell is a measure of the amount of _______________ per unit weight or per unit volume which can be stored in a battery. Thus for a given weight or volume a _________________ energy density cell chemistry will store _____________ energy or alternatively for a given storage capacity a ____________ energy density cell will be smaller and lighter.

Graph 1 below shows some typical examples for common secondary cells
J/m3  / cell / chemical/
Typical NiCad cell has a normal terminal voltage of ____________ volts.

• NiCad’s have a very ____________ internal resistance 0.025 ohms.

• The NiCad cell has an energy density of _________ Wh/Kg (watt-hour / kilogram).
What is the full charge voltage of a NiMH cell?

(1.5 volts - fully charged, 1.25 volts - 50% charged, 1.0 volts - almost fully discharged). But a NiMH (or NiCd) battery stays at about 1.2 volts until it is nearly completely discharged. This makes it almost impossible to know the amount of capacity left based on its voltage alone.
Low                 45-80
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NiCad’s are suitable for applications where the charge capacity is extracted in 30

minutes bursts, at discharge current at 2C. They can deliver high ____________

currents.
The maximum discharge rate for a Ni–Cd battery varies by size. For a common AA-size cell, the maximum discharge rate is approximately 1.8 amperes; for a D size battery the discharge rate can be as high as 3.5 amperes
The drawback of NiCad’s is the ____________ ____________. If a NiCad battery is

not worked hard by delivering reasonable proportions of its stored energy, its output

capacity gradually ______________.

The nickel-cadmium or NiCd battery is a rechargeable battery that uses a nickel oxide hydroxide and metallic cadmium as electrodes. Most of these batteries have the cell potential of about 1.2 volts. Since NiCd batteries are fairly cheap to produce, they are also relatively inexpensive to buy and are used for many different types of devices.

Advantages to the NiCd Battery

This battery comes in a wide range of options and sizes. Most are cylindrical, but there are other options and these are usually inexpensive.  Of course, a lower selling price is one of the biggest advantages to a NiCD battery. One of the reasons for its affordability is that the battery needs no special conditions to be shipped.  It is easily stored and doesn’t damage under most normal circumstances.  

Also, The NiCd battery is simple and fast to charge.  Even if it has been in storage for awhile, the battery will usually still take a charge under most normal circumstances.  This battery can also take a high number of charges if it is properly taken care of and not misused.  Most often, this is around one hundred cycles of use being charged, discharged and charged again; however, with proper care, charging and discharging methods and an occasional cleaning, a NiCD battery can last much longer.

[image: image3.png]


Finally, low temperatures do not usually affect the NiCd and it has a good load performance meaning that it accepts the charge on the first try. This makes the NiCd a good choice in any type of climate setting.

Disadvantages to the NiCd battery

Compared with newer battery systems, it has a relatively low energy density.  In other words, it is not as powerful as some of the newer batteries. This battery usually does well in storage, but it can often self discharge.  This means that it will have to be charged again before use.  

One of the biggest issues with this battery is the very big problem in the change of public opinion regarding non-recyclable materials.  The NiCd battery does contain toxic metals that are considered environmentally unfriendly.  This means that if the batteries are a part of your equipment each battery must be removed before the equipment can be disposed of in a landfill or recycle center.  Finding a place that will dispose of these batteries is becoming more difficult.  Because of these toxic metal issues, some countries are limiting the use of this type of battery, which insures it will be harder to dispose of older used ones in the future. 

This is due to a gradual change in the size of the nickel oxide / hydroxide

____________ being replaced by larger ____________. The best way to prevent

memory effect is to ____________ the battery before ____________.

Recharge / depletion

Nickel hydroxide samples were deposited onto glass substrates using Ni(NO3)2·6H2O and aqueous ammonia by chemical bath deposition technique. The influence of pH of solution was investigated by means of X-ray diffraction, field emission scanning electron microscopy, fourier transform infrared, Raman spectroscopy, optical absorption and BET analysis. The as-deposited samples were identified as β-Ni(OH)2, were transformed into NiO after heat treatment in air at 500 °C for 2 h. Porous nickel oxide nanosheets are obtained by heating nickel hydroxide nanosheets. The optical transitions observed in the absorbance spectra below optical band gap is due to defects or Ni2+ vacancies in NiO samples. The band gap energy of NiO samples changes between 3.37 and 3.52 eV depending on the pH values 

Structural Characterization of Nickel Oxide/Hydroxide Nanosheets Produced by CBD Technique | Request PDF. Available from: https://www.researchgate.net/publication/277665545_Structural_Characterization_of_Nickel_OxideHydroxide_Nanosheets_Produced_by_CBD_Technique [accessed Jul 30 2018].

Self-discharge is a phenomenon in batteries in which internal chemical reactions reduce the stored charge of the battery without any connection between the electrodes. Self-discharge decreases the shelf life of batteries and causes them to initially have less than a full charge when actually put to use. 
How fast self-discharge in a battery occurs is dependent on the type of battery, state of charge, charging current, ambient temperature and other factors. Primary batteries, which aren't designed for recharging between manufacturing and use, use battery chemistry with much lower self-discharge rates than rechargeable batteries, since they must have an economically practical shelf life. 

Self-discharge is a chemical reaction, just as closed-circuit discharge is, and tends to occur more quickly at higher temperatures. Storing batteries at lower temperatures thus reduces the rate of self-discharge and preserves the initial energy stored in the battery. Self-discharge is also thought to be reduced as a passivation layer develops on the electrodes over time. 
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Typical self-discharge by battery type[edit]
	Battery chemistry
	Rechargeable
	Typical self-discharge or shelf life 

	Lithium metal
	No
	10 years shelf life[1] 

	Alkaline
	No
	5 years shelf life[1] 

	Zinc–carbon
	No
	2 to 3 years shelf life[1] 

	Lithium-ion
	Yes
	2% to 3% per month[1]; ca. 4% p.m.[2] 

	Low self-discharge NiMH
	Yes
	2% to 3% per month 

	Lead–acid
	Yes
	4% to 6% per month[1] 

	Nickel–cadmium
	Yes
	15% to 20% per month[1] 

	Nickel–metal hydride (NiMH)
	Yes
	30% per month[1] 


Charging:

NiCad’s perform best when ____________ cycled and also prefer relatively

____________ charge. They can be charged / discharged over ____________ times
Re-cycled / over / 
1,000 cycles or more 

Nickel–cadmium battery
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	Nickel–cadmium battery

	


From top to bottom: "Gumstick", AA, and AAA Ni–Cd batteries

	Specific energy
	40–60 W·h/kg

	Energy density
	50–150 W·h/L

	Specific power
	150 W/kg

	Charge/discharge efficiency
	70–90%[1]

	Self-discharge rate
	10%/month

	Cycle durability
	2,000 cycles

	Nominal cell voltage
	1.2 V


The nickel–cadmium battery (NiCd battery or NiCad battery) is a type of rechargeable battery using nickel oxide hydroxide and metallic cadmium as electrodes. The abbreviation NiCd is derived from the chemical symbols of nickel (Ni) and cadmium (Cd): the abbreviation NiCad is a registered trademark of SAFT Corporation, although this brand name is commonly used to describe all Ni–Cd batteries. 
Wet-cell nickel-cadmium batteries were invented in 1899. Among rechargeable battery technologies, NiCd rapidly lost market share in the 1990s, to NiMH and Li-ion batteries; market share dropped by 80%.[citation needed] A NiCd battery has a terminal voltage during discharge of around 1.2 volts which decreases little until nearly the end of discharge. NiCd batteries are made in a wide range of sizes and capacities, from portable sealed types interchangeable with carbon-zinc dry cells, to large ventilated cells used for standby power and motive power. Compared with other types of rechargeable cells they offer good cycle life and performance at low temperatures with a fair capacity but their significant advantage is the ability to deliver practically their full rated capacity at high discharge rates (discharging in one hour or less). However, the materials are more costly than that of the lead–acid battery, and the cells have high self-discharge rates. 

Sealed NiCd cells were at one time widely used in portable power tools, photography equipment, flashlights, emergency lighting, hobby R/C, and portable electronic devices. The superior capacity of the Nickel-metal hydride batteries, and more recently their lower cost, has largely supplanted their use. Further, the environmental impact of the disposal of the toxic metal cadmium has contributed considerably to the reduction in their use. Within the European Union, NiCd batteries can now only be supplied for replacement purposes or for certain types of new equipment such as medical devices.[2] 

Larger ventilated wet cell NiCd batteries are used in emergency lighting, standby power, and uninterruptible power supplies and other applications. 

[image: image6.wmf]
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History[edit]
The first Ni–Cd battery was created by Waldemar Jungner of Sweden in 1899. At that time, the only direct competitor was the lead–acid battery, which was less physically and chemically robust. With minor improvements to the first prototypes, energy density rapidly increased to about half of that of primary batteries, and significantly greater than lead–acid batteries. Jungner experimented with substituting iron for the cadmium in varying quantities, but found the iron formulations to be wanting. Jungner's work was largely unknown in the United States. Thomas Edison patented a nickel– or cobalt–cadmium battery in 1902,[3] and adapted the battery design when he introduced the nickel–iron battery to the US two years after Jungner had built one. In 1906, Jungner established a factory close to Oskarshamn, Sweden to produce flooded design Ni–Cd batteries. 

In 1932 active materials were deposited inside a porous nickel-plated electrode and fifteen years later began on a sealed nickel-cadmium battery. 

The first production in the United States began in 1946. Up to this point, the batteries were "pocket type," constructed of nickel-plated steel pockets containing nickel and cadmium active materials. Around the middle of the twentieth century, sintered-plate Ni–Cd batteries became increasingly popular. Fusing nickel powder at a temperature well below its melting point using high pressures creates sintered plates. The plates thus formed are highly porous, about 80 percent by volume. Positive and negative plates are produced by soaking the nickel plates in nickel- and cadmium-active materials, respectively. Sintered plates are usually much thinner than the pocket type, resulting in greater surface area per volume and higher currents. In general, the greater amount of reactive material surface area in a battery, the lower its internal resistance. 

Today[when?], all consumer Ni–Cd batteries use the "Swiss roll" or "jelly-roll" configuration. This design incorporates several layers of positive and negative material rolled into a cylindrical shape. This design reduces internal resistance as there is a greater amount of electrode in contact with the active material in each cell.[citation needed] 

Characteristics[edit]
The maximum discharge rate for a Ni–Cd battery varies by size. For a common AA-size cell, the maximum discharge rate is approximately 1.8 amperes; for a D size battery the discharge rate can be as high as 3.5 amperes.[citation needed] 

Model-aircraft or -boat builders often take much larger currents of up to a hundred amps or so from specially constructed Ni–Cd batteries, which are used to drive main motors. 5–6 minutes of model operation is easily achievable from quite small batteries, so a reasonably high power-to-weight figure is achieved, comparable to internal combustion motors, though of lesser duration. In this, however, they have been largely superseded by lithium polymer (Lipo) and lithium iron phosphate (LiFe) batteries, which can provide even higher energy densities. 

Voltage[edit]
Ni–Cd cells have a nominal cell potential of 1.2 volts (V). This is lower than the 1.5 V of alkaline and zinc–carbon primary cells, and consequently they are not appropriate as a replacement in all applications. However, the 1.5 V of a primary alkaline cell refers to its initial, rather than average, voltage. Unlike alkaline and zinc–carbon primary cells, a Ni–Cd cell's terminal voltage only changes a little as it discharges. Because many electronic devices are designed to work with primary cells that may discharge to as low as 0.90 to 1.0 V per cell, the relatively steady 1.2 V of a Ni–Cd cell is enough to allow operation. Some would consider the near-constant voltage a drawback as it makes it difficult to detect when the battery charge is low. 

Ni–Cd batteries used to replace 9 V batteries usually only have six cells, for a terminal voltage of 7.2 volts. While most pocket radios will operate satisfactorily at this voltage, some manufacturers such as Varta made 8.4 volt batteries with seven cells for more critical applications. 

Charging[edit]
Ni–Cd batteries can be charged at several different rates, depending on how the cell was manufactured. The charge rate is measured based on the percentage of the amp-hour capacity the battery is fed as a steady current over the duration of the charge. Regardless of the charge speed, more energy must be supplied to the battery than its actual capacity, to account for energy loss during charging, with faster charges being more efficient. For example, an "overnight" charge, might consist of supplying a current equal to one tenth the amperehour rating (C/10) for 14–16 hours; that is, a 100 mAh battery takes 10 mA for 14 hours, for a total of 140 mAh to charge at this rate. At the rapid-charge rate, done at 100% of the rated capacity of the battery in 1 hour (1C), the battery holds roughly 80% of the charge, so a 100 mAh battery takes 125 mAh to charge (that is, approximately 1 hour and fifteen minutes). Some specialized batteries can be charged in as little as 10–15 minutes at a 4C or 6C charge rate, but this is very uncommon. It also greatly increases the risk of the cells overheating and venting due to an internal overpressure condition: the cell's rate of temperature rise is governed by its internal resistance and the square of the charging rate. At a 4C rate, the amount of heat generated in the cell is sixteen times higher than the heat at the 1C rate. The downside to faster charging is the higher risk of overcharging, which can damage the battery.[4] and the increased temperatures the cell has to endure (which potentially shortens its life). 

The safe temperature range when in use is between −20 °C and 45 °C. During charging, the battery temperature typically stays low, around the same as the ambient temperature (the charging reaction absorbs heat), but as the battery nears full charge the temperature will rise to 45–50 °C. Some battery chargers detect this temperature increase to cut off charging and prevent over-charging. 

When not under load or charge, a Ni–Cd battery will self-discharge approximately 10% per month at 20 °C, ranging up to 20% per month at higher temperatures. It is possible to perform a trickle charge at current levels just high enough to offset this discharge rate; to keep a battery fully charged. However, if the battery is going to be stored unused for a long period of time, it should be discharged down to at most 40% of capacity (some manufacturers recommend fully discharging and even short-circuiting once fully discharged[citation needed]), and stored in a cool, dry environment. 

Overcharging[edit]
Sealed Ni–Cd cells consist of a pressure vessel that is supposed to contain any generation of oxygen and hydrogen gases until they can recombine back to water. Such generation typically occurs during rapid charge and discharge, and exceedingly at overcharge condition. If the pressure exceeds the limit of the safety valve, water in the form of gas is lost. Since the vessel is designed to contain an exact amount of electrolyte this loss will rapidly affect the capacity of the cell and its ability to receive and deliver current. To detect all conditions of overcharge demands great sophistication from the charging circuit and a cheap charger will eventually damage even the best quality cells.[5] 

Electrochemistry[edit]
A fully charged NiCd cell contains: 

· a nickel(III) oxide-hydroxide positive electrode plate
· a cadmium negative electrode plate

· a separator, and

· an alkaline electrolyte (potassium hydroxide).

NiCd batteries usually have a metal case with a sealing plate equipped with a self-sealing safety valve. The positive and negative electrode plates, isolated from each other by the separator, are rolled in a spiral shape inside the case. This is known as the jelly-roll design and allows a Ni–Cd cell to deliver a much higher maximum current than an equivalent size alkaline cell. Alkaline cells have a bobbin construction where the cell casing is filled with electrolyte and contains a graphite rod which acts as the positive electrode. As a relatively small area of the electrode is in contact with the electrolyte (as opposed to the jelly-roll design), the internal resistance for an equivalent sized alkaline cell is higher which limits the maximum current that can be delivered. 

The chemical reactions at the cadmium electrode during discharge are: 

C d + 2 O H − → C d ( O H ) 2 + 2 e − {\displaystyle \mathrm {Cd+2OH^{-}\rightarrow Cd(OH)_{2}+2e^{-}} } [image: image7]
The reactions at the nickel oxide electrode are: 

2 N i O ( O H ) + 2 H 2 O + 2 e − → 2 N i ( O H ) 2 + 2 O H − {\displaystyle \mathrm {2NiO(OH)+2H_{2}O+2e^{-}\rightarrow 2Ni(OH)_{2}+2OH^{-}} } [image: image8]
The net reaction during discharge is 

2 N i O ( O H ) + C d + 2 H 2 O → 2 N i ( O H ) 2 + C d ( O H ) 2 . {\displaystyle \mathrm {2NiO(OH)+Cd+2H_{2}O\rightarrow 2Ni(OH)_{2}+Cd(OH)_{2}.} } [image: image9]
During recharge, the reactions go from right to left. The alkaline electrolyte (commonly KOH) is not consumed in this reaction and therefore its specific gravity, unlike in lead–acid batteries, is not a guide to its state of charge. 

When Jungner built the first NiCd batteries, he used nickel oxide in the positive electrode, and iron and cadmium materials in the negative. It was not until later that pure cadmium metal and nickel hydroxide were used. Until about 1960, the chemical reaction was not completely understood. There were several speculations as to the reaction products. The debate was finally resolved by infrared spectroscopy, which revealed cadmium hydroxide and nickel hydroxide. 

Another historically important variation on the basic NiCd cell is the addition of lithium hydroxide to the potassium hydroxide electrolyte. This was believed[by whom?] to prolong the service life by making the cell more resistant to electrical abuse. The Ni–Cd battery in its modern form is extremely resistant to electrical abuse anyway, so this practice has been discontinued. 

Vented cell batteries[edit]



View of a vented cell aircraft battery from the side




Structure of a cell in a vented cell battery

Vented cell (wet cell, flooded cell) NiCd batteries are used when large capacities and high discharge rates are required. Traditional NiCd batteries are of the sealed type, which means that charge gas is normally recombined and they release no gas unless severely overcharged or a fault develops. Unlike typical NiCd cells, which are sealed, vented cells have a vent or low pressure release valve that releases any generated oxygen and hydrogen gases when overcharged or discharged rapidly. Since the battery is not a pressure vessel, it is safer, weighs less, and has a simpler and more economical structure. This also means the battery is not normally damaged by excessive rates of overcharge, discharge or even negative charge. 

They are used in aviation, rail and mass transit, backup power for telecoms, engine starting for backup turbines etc. Using vented cell NiCd batteries results in reduction in size, weight and maintenance requirements over other types of batteries. Vented cell NiCd batteries have long lives (up to 20 years or more, depending on type) and operate at extreme temperatures (from −40 to 70 °C). 

A steel battery box contains the cells connected in series to gain the desired voltage (1.2 V per cell nominal). Cells are usually made of a light and durable polyamide (nylon), with multiple nickel-cadmium plates welded together for each electrode inside. A separator or liner made of silicone rubber acts as an insulator and a gas barrier between the electrodes. Cells are flooded with an electrolyte of 30% aqueous solution of potassium hydroxide (KOH). The specific gravity of the electrolyte does not indicate if the battery is discharged or fully charged but changes mainly with evaporation of water. The top of the cell contains a space for excess electrolyte and a pressure release vent. Large nickel-plated copper studs and thick interconnecting links assure minimum equivalent series resistance for the battery. 

The venting of gases means that the battery is either being discharged at a high rate or recharged at a higher than nominal rate. This also means the electrolyte lost during venting must be periodically replaced through routine maintenance. Depending on the charge–discharge cycles and type of battery this can mean a maintenance period of anything from a few months to a year. 

Vented cell voltage rises rapidly at the end of charge allowing for very simple charger circuitry to be used. Typically a battery is constant current charged at 1 CA rate until all the cells have reached at least 1.55 V. Another charge cycle follows at 0.1 CA rate, again until all cells have reached 1.55 V. The charge is finished with an equalizing or top-up charge, typically for not less than 4 hours at 0.1 CA rate. The purpose of the over-charge is to expel as much (if not all) of the gases collected on the electrodes, hydrogen on the negative and oxygen on the positive, and some of these gases recombine to form water which in turn will raise the electrolyte level to its highest level after which it is safe to adjust the electrolyte levels. During the over-charge or top-up charge, the cell voltages will go beyond 1.6 V and then slowly start to drop. No cell should rise above 1.71 V (dry cell) or drop below 1.55 V (gas barrier broken).[citation needed] 

In an aircraft installation with a floating battery electrical system the regulator voltage is set to charge the battery at constant potential charge (typically 14 or 28 V). If this voltage is set too high it will result in rapid electrolyte loss. A failed charge regulator may allow the charge voltage to rise well above this value, causing a massive overcharge with boiling over of the electrolyte.[citation needed] 

Applications[edit]



Eight NiCd batteries in a battery pack

Sealed Ni–Cd cells may be used individually, or assembled into battery packs containing two or more cells. Small cells are used for portable electronics and toys (such as solar garden lights), often using cells manufactured in the same sizes as primary cells. When Ni–Cd batteries are substituted for primary cells, the lower terminal voltage and smaller ampere-hour capacity may reduce performance as compared to primary cells. Miniature button cells are sometimes used in photographic equipment, hand-held lamps (flashlight or torch), computer-memory standby, toys, and novelties. 

Specialty Ni–Cd batteries are used in cordless and wireless telephones, emergency lighting, and other applications. With a relatively low internal resistance, they can supply high surge currents. This makes them a favourable choice for remote-controlled electric model airplanes, boats, and cars, as well as cordless power tools and camera flash units. 

Larger flooded cells are used for aircraft starting batteries, electric vehicles, and standby power. 

Popularity[edit]
Advances in battery-manufacturing technologies throughout the second half of the twentieth century have made batteries increasingly cheaper to produce. Battery-powered devices in general have increased in popularity. As of 2000, about 1.5 billion Ni–Cd batteries were produced annually.[6] Up until the mid-1990s, Ni–Cd batteries had an overwhelming majority of the market share for rechargeable batteries in home electronics. 

At one point, Ni–Cd batteries accounted for 8% of all portable secondary (rechargeable) battery sales in the EU, and in the UK for 9.2% (disposal) and in Switzerland for 1.3% of all portable battery sales.[7]

 HYPERLINK "https://en.wikipedia.org/wiki/Nickel%E2%80%93cadmium_battery" \l "cite_note-8" [8]

 HYPERLINK "https://en.wikipedia.org/wiki/Nickel%E2%80%93cadmium_battery" \l "cite_note-9" [9] 

In the EU the 2006 Battery Directive restricted sales of Ni–Cd batteries to consumers for portable devices. 

Availability[edit]
Ni–Cd cells are available in the same sizes as alkaline batteries, from AAA through D, as well as several multi-cell sizes, including the equivalent of a 9 volt battery. A fully charged single Ni–Cd cell, under no load, carries a potential difference of between 1.25 and 1.35 volts, which stays relatively constant as the battery is discharged. Since an alkaline battery near fully discharged may see its voltage drop to as low as 0.9 volts, Ni–Cd cells and alkaline cells are typically interchangeable for most applications. 

In addition to single cells, batteries exist that contain up to 300 cells (nominally 360 volts, actual voltage under no load between 380 and 420 volts). This many cells are mostly used in automotive and heavy-duty industrial applications. For portable applications, the number of cells is normally below 18 cells (24 V). Industrial-sized flooded batteries are available with capacities ranging from 12.5 Ah up to several hundred Ah. 

Comparison with other batteries[edit]
Recently, nickel–metal hydride and lithium-ion batteries have become commercially available and cheaper, the former type now rivaling Ni–Cd batteries in cost. Where energy density is important, Ni–Cd batteries are now at a disadvantage compared with nickel–metal hydride and lithium-ion batteries. However, the Ni–Cd battery is still very useful in applications requiring very high discharge rates because it can endure such discharge with no damage or loss of capacity. 

When compared to other forms of rechargeable battery, the Ni–Cd battery has a number of distinct advantages: 

· The batteries are more difficult to damage than other batteries, tolerating deep discharge for long periods. In fact, Ni–Cd batteries in long-term storage are typically stored fully discharged. This is in contrast, for example, to lithium ion batteries, which are less stable and will be permanently damaged if discharged below a minimum voltage.

· The battery performs very well under rough conditions, perfect for use in the portable tools.

· Ni–Cd batteries typically last longer, in terms of number of charge/discharge cycles, than other rechargeable batteries such as lead/acid batteries.

· Compared to lead–acid batteries, Ni–Cd batteries have a much higher energy density. A Ni–Cd battery is smaller and lighter than a comparable lead–acid battery, but not a comparable NiMH or Li-ion battery. In cases where size and weight are important considerations (for example, aircraft), Ni–Cd batteries are preferred over the cheaper lead–acid batteries.

· In consumer applications, Ni–Cd batteries compete directly with alkaline batteries. A Ni–Cd cell has a lower capacity than that of an equivalent alkaline cell, and costs more. However, since the alkaline battery's chemical reaction is not reversible, a reusable Ni–Cd battery has a significantly longer total lifetime. There have been attempts to create rechargeable alkaline batteries, or specialized battery chargers for charging single-use alkaline batteries, but none that has seen wide usage.

· The terminal voltage of a Ni–Cd battery declines more slowly as it is discharged, compared with carbon–zinc batteries. Since an alkaline battery's voltage drops significantly as the charge drops, most consumer applications are well equipped to deal with the slightly lower Ni–Cd cell voltage with no noticeable loss of performance.

· The capacity of a Ni–Cd battery is not significantly affected by very high discharge currents. Even with discharge rates as high as 50C, a Ni–Cd battery will provide very nearly its rated capacity. By contrast, a lead acid battery will only provide approximately half its rated capacity when discharged at a relatively modest 1.5C.

· The maximum continuous current drain of NiCd battery is commonly around 15C. Compared to NiMH battery where usable maximum continuous current drain is not more than 5C.

· Nickel–metal hydride (NiMH) batteries are the newest, and most similar, competitor to Ni–Cd batteries. Compared to Ni–Cd batteries, NiMH batteries have a higher capacity and are less toxic, and are now more cost effective. However, a Ni–Cd battery has a lower self-discharge rate (for example, 20% per month for a Ni–Cd battery, versus 30% per month for a traditional NiMH under identical conditions), although low self-discharge ("LSD") NiMH batteries are now available, which have substantially lower self-discharge than either Ni–Cd or traditional NiMH batteries. This results in a preference for Ni–Cd over non-LSD NiMH batteries in applications where the current draw on the battery is lower than the battery's own self-discharge rate (for example, television remote controls). In both types of cell, the self-discharge rate is highest for a full charge state and drops off somewhat for lower charge states. Finally, a similarly sized Ni–Cd battery has a slightly lower internal resistance, and thus can achieve a higher maximum discharge rate (which can be important for applications such as power tools).

The primary trade-off with Ni–Cd batteries is their higher cost and the use of cadmium. This heavy metal is an environmental hazard, and is highly toxic to all higher forms of life. They are also more costly than lead–acid batteries because nickel and cadmium cost more. One of the biggest disadvantages is that the battery exhibits a very marked negative temperature coefficient. This means that as the cell temperature rises, the internal resistance falls. This can pose considerable charging problems, particularly with the relatively simple charging systems employed for lead–acid type batteries. Whilst lead–acid batteries can be charged by simply connecting a dynamo to them, with a simple electromagnetic cut-out system for when the dynamo is stationary or an over-current occurs, the Ni–Cd battery under a similar charging scheme would exhibit thermal runaway, where the charging current would continue to rise until the over-current cut-out operated or the battery destroyed itself. This is the principal factor that prevents its use as engine-starting batteries. Today with alternator-based charging systems with solid-state regulators, the construction of a suitable charging system would be relatively simple, but the car manufacturers are reluctant to abandon tried-and-tested technology.[citation needed] 

Memory effect[edit]
Ni–Cd batteries may suffer from a "memory effect" if they are discharged and recharged to the same state of charge hundreds of times. The apparent symptom is that the battery "remembers" the point in its charge cycle where recharging began and during subsequent use suffers a sudden drop in voltage at that point, as if the battery had been discharged. The capacity of the battery is not actually reduced substantially. Some electronics designed to be powered by Ni–Cd batteries are able to withstand this reduced voltage long enough for the voltage to return to normal. However, if the device is unable to operate through this period of decreased voltage, it will be unable to get enough energy out of the battery, and for all practical purposes, the battery appears "dead" earlier than normal. 

There is evidence that the memory effect story originated from orbiting satellites, where they were typically charging for twelve hours out of 24 for several years.[10] After this time, it was found that the capacities of the batteries had declined significantly, but were still fit for use. It is unlikely that this precise repetitive charging (for example, 1,000 charges/discharges with less than 2% variability) could ever be reproduced by individuals using electrical goods. The original paper describing the memory effect was written by GE scientists at their Battery Business Department in Gainesville, Florida, and later retracted by them, but the damage was done. It is unlikely to be a real phenomenon, but has taken on a life of its own as an urban myth.[citation needed] 

The battery survives thousands of charges/discharges cycles. Also it is possible to lower the memory effect by discharging the battery completely about once a month.[citation needed] This way apparently the battery does not "remember" the point in its charge cycle. 

An effect with similar symptoms to the memory effect is the so-called voltage depression or lazy battery effect. This results from repeated overcharging; the symptom is that the battery appears to be fully charged but discharges quickly after only a brief period of operation. In rare cases, much of the lost capacity can be recovered by a few deep-discharge cycles, a function often provided by automatic battery chargers. However, this process may reduce the shelf life of the battery.[citation needed] If treated well, a Ni–Cd battery can last for 1,000 cycles or more before its capacity drops below half its original capacity. Many home chargers claim to be "smart chargers" which will shut down and not damage the battery, but this seems to be a common problem.[citation needed] 

Environmental impact[edit]
Ni–Cd batteries contain between 6% (for industrial batteries) and 18% (for commercial batteries) cadmium, which is a toxic heavy metal and therefore requires special care during battery disposal. In the United States, part of the battery price is a fee for its proper disposal at the end of its service lifetime. Under the so-called "batteries directive" (2006/66/EC), the sale of consumer Ni–Cd batteries has now been banned within the European Union except for medical use; alarm systems; emergency lighting; and portable power tools. This last category has been banned effective 2016.[11] Under the same EU directive, used industrial Ni–Cd batteries must be collected by their producers in order to be recycled in dedicated facilities. 

Cadmium, being a heavy metal, can cause substantial pollution when discarded in a landfill or incinerated. Because of this, many countries now operate recycling programs to capture and reprocess old batteries. 

Power tools, photography equipment, flashlights, emergency lighting, hobby R/C, and portable electronic devices.

NiCad’s are not suited for applications that involve ____________ cycling or spending most of their time on charging. They like to be used; example portable tools, standbypower supplies, emergency lighting.

repeatedly deep 
What’s the Best Battery?

We often get puzzled by announcements of new batteries that are said to offer very high energy densities, deliver 1000 charge/discharge cycle and are paper-thin. Are they real?  Perhaps — but not in one and the same battery. While one battery type may be designed for small size and long runtime, this pack will not last and wear out prematurely. Another battery may be built for long life, but the size is big and bulky. A third battery may provide all the desirable attributes, but the price would be too high for commercial use.

Battery manufacturers are well aware of customer needs and have responded by offering packs that best suit the specific applications. The mobile phone industry is an example of clever adaptation. Emphasis is placed on small size, high energy density and low price. Longevity comes in second.

The inscription of NiMH on a battery pack does not automatically guarantee high energy density. A prismatic Nickel-Metal Hydride battery for a mobile phone, for example, is made for slim geometry. Such a pack provides an energy density of about 60Wh/kg and the cycle count is around 300. In comparison, a cylindrical NiMH offers energy densities of 80Wh/kg and higher. Still, the cycle count of this battery is moderate to low. High durability NiMH batteries, which endure 1000 discharges, are commonly packaged in bulky cylindrical cells. The energy density of these cells is a modest 70Wh/kg.

Compromises also exist on lithium-based batteries. Li‑ion packs are being produced for defense applications that far exceed the energy density of the commercial equivalent. Unfortunately, these super-high capacity Li‑ion batteries are deemed unsafe in the hands of the public and the high price puts them out of reach of the commercial market.

In this article we look at the advantages and limitations of the commercial battery. The so-called miracle battery that merely live in controlled environments is excluded. We scrutinize the batteries not only in terms of energy density but also longevity, load characteristics, maintenance requirements, self-discharge and operational costs. Since NiCd remains a standard against which other batteries are compared, we evaluate alternative chemistries against this classic battery type.

Nickel Cadmium (NiCd) — mature and well understood but relatively low in energy density. The NiCd is used where long life, high discharge rate and economical price are important. Main applications are two-way radios, biomedical equipment, professional video cameras and power tools. The NiCd contains toxic metals and is environmentally unfriendly.
Nickel-Metal Hydride (NiMH) — has a higher energy density compared to the NiCd at the expense of reduced cycle life. NiMH contains no toxic metals. Applications include mobile phones and laptop computers.

Lead Acid — most economical for larger power applications where weight is of little concern. The lead acid battery is the preferred choice for hospital equipment, wheelchairs, emergency lighting and UPS systems.

Lithium Ion (Li‑ion) — fastest growing battery system. Li‑ion is used where high-energy density and lightweight is of prime importance. The technology is fragile and a protection circuit is required to assure safety. Applications include notebook computers and cellular phones.

Lithium Ion Polymer (Li‑ion polymer) — offers the attributes of the Li-ion in ultra-slim geometry and simplified packaging. Main applications are mobile phones.

Figure 1 compares the characteristics of the six most commonly used rechargeable battery systems in terms of energy density, cycle life, exercise requirements and cost. The figures are based on average ratings of commercially available batteries at the time of publication.

	 
	NiCd
	NiMH
	Lead Acid
	Li-ion
	Li-ion polymer
	Reusable
Alkaline
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	Gravimetric Energy Density(Wh/kg)
	45-80
	60-120
	30-50
	110-160
	100-130
	80 (initial)

	Internal Resistance 
(includes peripheral circuits) in mΩ
	100 to 2001
6V pack
	200 to 3001
6V pack
	<1001
12V pack
	150 to 2501
7.2V pack
	200 to 3001
7.2V pack
	200 to 20001
6V pack

	
	
	
	
	
	
	

	Cycle Life (to 80% of initial capacity)
	15002
	300 to 5002,3
	200 to 
3002
	500 to 10003
	300 to 
500
	503 
(to 50%)

	Fast Charge Time
	1h typical
	2-4h
	8-16h
	2-4h
	2-4h
	2-3h

	Overcharge Tolerance
	moderate
	low
	high
	very low
	low
	moderate

	Self-discharge / Month (room temperature)
	20%4
	30%4
	5%
	10%5
	~10%5
	0.3%

	Cell Voltage(nominal)
	1.25V6
	1.25V6
	2V
	3.6V
	3.6V
	1.5V

	Load Current
-    peak
-    best result
	
20C
1C
	
5C
0.5C or lower
	
5C7 
0.2C
	
>2C
1C or lower
	
>2C
1C or lower
	
0.5C
0.2C or lower

	Operating Temperature(discharge only)
	-40 to 
60°C
	-20 to 
60°C
	-20 to 
60°C
	-20 to 
60°C
	0 to 
60°C
	0 to 
65°C

	Maintenance Requirement
	30 to 60 days
	60 to 90 days
	3 to 6 months9
	not req.
	not req.
	not req.

	Typical Battery Cost
(US$, reference only)
	$50
(7.2V)
	$60
(7.2V)
	$25
(6V)
	$100
(7.2V)
	$100
(7.2V)
	$5
(9V)

	Cost per Cycle(US$)11
	$0.04
	$0.12
	$0.10
	$0.14
	$0.29
	$0.10-0.50

	Commercial use since
	1950
	1990
	1970 (sealed lead acid)
	1991
	1999
	1992
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Figure 1: Characteristics of commonly used rechargeable batteries

1. Internal resistance of a battery pack varies with cell rating, type of protection circuit and number of cells. Protection circuit of Li‑ion and Li-polymer adds about 100mΩ.

2. Cycle life is based on battery receiving regular maintenance. Failing to apply periodic full discharge cycles may reduce the cycle life by a factor of three.

3. Cycle life is based on the depth of discharge. Shallow discharges provide more cycles than deep discharges.

4. The discharge is highest immediately after charge, then tapers off. The NiCd capacity decreases 10% in the first 24h, then declines to about 10% every 30 days thereafter. Self-discharge increases with higher temperature.

5. Internal protection circuits typically consume 3% of the stored energy per month.

6. 1.25V is the open cell voltage. 1.2V is the commonly used value. There is no difference between the cells; it is simply a method of rating.

7. Capable of high current pulses.

8. Applies to discharge only; charge temperature range is more confined.

9. Maintenance may be in the form of ‘equalizing’ or ‘topping’ charge.

10. Cost of battery for commercially available portable devices.

11. Derived from the battery price divided by cycle life. Does not include the cost of electricity and chargers.

Observation: It is interesting to note that NiCd has the shortest charge time, delivers the highest load current and offers the lowest overall cost-per-cycle, but has the most demanding maintenance requirements.

The Nickel Cadmium (NiCd) battery

The NiCd prefers fast charge to slow charge and pulse charge to DC charge. All other chemistries prefer a shallow discharge and moderate load currents. The NiCd is a strong and silent worker; hard labor poses no problem. In fact, the NiCd is the only battery type that performs well under rigorous working conditions. It does not like to be pampered by sitting in chargers for days and being used only occasionally for brief periods. A periodic full discharge is so important that, if omitted, large crystals will form on the cell plates (also referred to as memory) and the NiCd will gradually lose its performance.

Among rechargeable batteries, NiCd remains a popular choice for applications such as two-way radios, emergency medical equipment and power tools. Batteries with higher energy densities and less toxic metals are causing a diversion from NiCd to newer technologies.
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	Advantages and Limitations of NiCd Batteries

	[image: image17]


	Advantages
	Fast and simple charge — even after prolonged storage.

High number of charge/discharge cycles — if properly maintained, the NiCd provides over 1000 charge/discharge cycles.

Good load performance — the NiCd allows recharging at low temperatures.

Long shelf life – in any state-of-charge.

Simple storage and transportation — most airfreight companies accept the NiCd without special conditions.

Good low temperature performance.

Forgiving if abused — the NiCd is one of the most rugged rechargeable batteries.

Economically priced — the NiCd is the lowest cost battery in terms of cost per cycle.

Available in a wide range of sizes and performance options — most NiCd cells are cylindrical.

	Limitations
	Relatively low energy density — compared with newer systems.

Memory effect — the NiCd must periodically be exercised to prevent memory.

Environmentally unfriendly — the NiCd contains toxic metals. Some countries are limiting the use of the NiCd battery.

Has relatively high self-discharge — needs recharging after storage.
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Figure 2: Advantages and limitations of NiCd batteries. 

The Nickel-Metal Hydride (NiMH) battery

Research of the NiMH system started in the 1970s as a means of discovering how to store hydrogen for the nickel hydrogen battery. Today, nickel hydrogen batteries are mainly used for satellite applications. They are bulky, contain high-pressure steel canisters and cost thousands of dollars per cell.

In the early experimental days of the NiMH battery, the metal hydride alloys were unstable in the cell environment and the desired performance characteristics could not be achieved. As a result, the development of the NiMH slowed down. New hydride alloys were developed in the 1980s that were stable enough for use in a cell. Since the late 1980s, NiMH has steadily improved.

The success of the NiMH has been driven by its high energy density and the use of environmentally friendly metals. The modern NiMH offers up to 40 percent higher energy density compared to NiCd. There is potential for yet higher capacities, but not without some negative side effects.

The NiMH is less durable than the NiCd. Cycling under heavy load and storage at high temperature reduces the service life. The NiMH suffers from high self-discharge, which is considerably greater than that of the NiCd.

The NiMH has been replacing the NiCd in markets such as wireless communications and mobile computing. In many parts of the world, the buyer is encouraged to use NiMH rather than NiCd batteries. This is due to environmental concerns about careless disposal of the spent battery.

Experts agree that the NiMH has greatly improved over the years, but limitations remain. Most of the shortcomings are native to the nickel-based technology and are shared with the NiCd battery. It is widely accepted that NiMH is an interim step to lithium battery technology.
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	Advantages and Limitations of NiMH Batteries
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	Advantages
	30 – 40 percent higher capacity over a standard NiCd. The NiMH has potential for yet higher energy densities.

Less prone to memory than the NiCd. Periodic exercise cycles are required less often.

Simple storage and transportation — transportation conditions are not subject to regulatory control.

Environmentally friendly — contains only mild toxins; profitable for recycling.

	Limitations
	Limited service life — if repeatedly deep cycled, especially at high load currents, the performance starts to deteriorate after 200 to 300 cycles. Shallow rather than deep discharge cycles are preferred.

Limited discharge current — although a NiMH battery is capable of delivering high discharge currents, repeated discharges with high load currents reduces the battery’s cycle life. Best results are achieved with load currents of 0.2C to 0.5C (one-fifth to one-half of the rated capacity).

More complex charge algorithm needed — the NiMH generates more heat during charge and requires a longer charge time than the NiCd. The trickle charge is critical and must be controlled carefully.

High self-discharge — the NiMH has about 50 percent higher self-discharge compared to the NiCd. New chemical additives improve the self-discharge but at the expense of lower energy density.

Performance degrades if stored at elevated temperatures — the NiMH should be stored in a cool place and at a state-of-charge of about 40 percent.

High maintenance — battery requires regular full discharge to prevent crystalline formation.

About 20 percent more expensive than NiCd — NiMH batteries designed for high current draw are more expensive than the regular version.
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Figure 3: Advantages and limitations of NiMH batteries

The Lead Acid battery

Invented by the French physician Gaston Planté in 1859, lead acid was the first rechargeable battery for commercial use. Today, the flooded lead acid battery is used in automobiles, forklifts and large uninterruptible power supply (UPS) systems.

During the mid 1970s, researchers developed a maintenance-free lead acid battery that could operate in any position. The liquid electrolyte was transformed into moistened separators and the enclosure was sealed. Safety valves were added to allow venting of gas during charge and discharge.

Driven by different applications, two battery designations emerged. They are the small sealed lead acid (SLA), also known under the brand name of Gelcell, and the large valve regulated lead acid (VRLA). Technically, both batteries are the same. (Engineers may argue that the word ‘sealed lead acid’ is a misnomer because no lead acid battery can be totally sealed.) Because of our emphasis on portable batteries, we focus on the SLA.

Unlike the flooded lead acid battery, both the SLA and VRLA are designed with a low over-voltage potential to prohibit the battery from reaching its gas-generating potential during charge. Excess charging would cause gassing and water depletion. Consequently, these batteries can never be charged to their full potential.

The lead acid is not subject to memory. Leaving the battery on float charge for a prolonged time does not cause damage. The battery’s charge retention is best among rechargeable batteries. Whereas the NiCd self-discharges approximately 40 percent of its stored energy in three months, the SLA self-discharges the same amount in one year. The SLA is relatively inexpensive to purchase but the operational costs can be more expensive than the NiCd if full cycles are required on a repetitive basis.

The SLA does not lend itself to fast charging — typical charge times are 8 to 16 hours. The SLA must always be stored in a charged state. Leaving the battery in a discharged condition causes sulfation, a condition that makes the battery difficult, if not impossible, to recharge.

Unlike the NiCd, the SLA does not like deep cycling. A full discharge causes extra strain and each cycle robs the battery of a small amount of capacity. This wear-down characteristic also applies to other battery chemistries in varying degrees. To prevent the battery from being stressed through repetitive deep discharge, a larger SLA battery is recommended.

Depending on the depth of discharge and operating temperature, the SLA provides 200 to 300 discharge/ charge cycles. The primary reason for its relatively short cycle life is grid corrosion of the positive electrode, depletion of the active material and expansion of the positive plates. These changes are most prevalent at higher operating temperatures. Cycling does not prevent or reverse the trend.

The optimum operating temperature for the SLA and VRLA battery is 25°C (77°F). As a rule of thumb, every 8°C (15°F) rise in temperature will cut the battery life in half. VRLA that would last for 10 years at 25°C will only be good for 5 years if operated at 33°C (95°F). The same battery would endure a little more than one year at a temperature of 42°C (107°F).

Among modern rechargeable batteries, the lead acid battery family has the lowest energy density, making it unsuitable for handheld devices that demand compact size. In addition, performance at low temperatures is poor.

The SLA is rated at a 5-hour discharge or 0.2C. Some batteries are even rated at a slow 20-hour discharge. Longer discharge times produce higher capacity readings. The SLA performs well on high pulse currents. During these pulses, discharge rates well in excess of 1C can be drawn.

In terms of disposal, the SLA is less harmful than the NiCd battery but the high lead content makes the SLA environmentally unfriendly.
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	Advantages
	Inexpensive and simple to manufacture — in terms of cost per watt hours, the SLA is the least expensive.

Mature, reliable and well-understood technology — when used correctly, the SLA is durable and provides dependable service.

Low self-discharge —the self-discharge rate is among the lowest in rechargeable batterysystems.

Low maintenance requirements — no memory; no electrolyte to fill.

Capable of high discharge rates.

	Limitations
	Cannot be stored in a discharged condition.

Low energy density — poor weight-to-energy density limits use to stationary and wheeled applications.

Allows only a limited number of full discharge cycles — well suited for standby applications that require only occasional deep discharges.

Environmentally unfriendly — the electrolyte and the lead content can cause environmental damage.

Transportation restrictions on flooded lead acid — there are environmental concerns regarding spillage in case of an accident.

Thermal runaway can occur with improper charging.
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Figure 4: Advantages and limitations of lead acid batteries. 

The Lithium Ion battery

Pioneer work with the lithium battery began in 1912 under G.N. Lewis but it was not until the early 1970s that the first non-rechargeable lithium batteries became commercially available. Lithium is the lightest of all metals, has the greatest electrochemical potential and provides the largest energy density per weight.

Attempts to develop rechargeable lithium batteries followed in the 1980s, but failed due to safety problems. Because of the inherent instability of lithium metal, especially during charging, research shifted to a non-metallic lithium battery using lithium ions. Although slightly lower in energy density than lithium metal, the Li‑ion is safe, provided certain precautions are met when charging and discharging. In 1991, the Sony Corporation commercialized the first Li‑ion battery. Other manufacturers followed suit. Today, the Li‑ion is the fastest growing and most promising battery chemistry.

The energy density of the Li‑ion is typically twice that of the standard NiCd. Improvements in electrode active materials have the potential of increasing the energy density close to three times that of the NiCd. In addition to high capacity, the load characteristics are reasonably good and behave similarly to the NiCd in terms of discharge characteristics (similar shape of discharge profile, but different voltage). The flat discharge curve offers effective utilization of the stored power in a desirable voltage spectrum.

The high cell voltage allows battery packs with only one cell. Most of today’s mobile phones run on a single cell, an advantage that simplifies battery design. To maintain the same power, higher currents are drawn. Low cell resistance is important to allow unrestricted current flow during load pulses.

The Li‑ion is a low maintenance battery, an advantage that most other chemistries cannot claim. There is no memory and no scheduled cycling is required to prolong the battery’s life. In addition, the self-discharge is less than half compared to NiCd, making the Li‑ion well suited for modern fuel gauge applications. Li‑ion cells cause little harm when disposed.

Despite its overall advantages, Li‑ion also has its drawbacks. It is fragile and requires a protection circuit to maintain safe operation. Built into each pack, the protection circuit limits the peak voltage of each cell during charge and prevents the cell voltage from dropping too low on discharge. In addition, the cell temperature is monitored to prevent temperature extremes. The maximum charge and discharge current is limited to between 1C and 2C. With these precautions in place, the possibility of metallic lithium plating occurring due to overcharge is virtually eliminated.

Aging is a concern with most Li‑ion batteries and many manufacturers remain silent about this issue. Some capacity deterioration is noticeable after one year, whether the battery is in use or not. Over two or perhaps three years, the battery frequently fails. It should be noted that other chemistries also have age-related degenerative effects. This is especially true for the NiMH if exposed to high ambient temperatures.

Storing the battery in a cool place slows down the aging process of the Li‑ion (and other chemistries). Manufacturers recommend storage temperatures of 15°C (59°F). In addition, the battery should be partially charged during storage.

Manufacturers are constantly improving the chemistry of the Li‑ion battery. New and enhanced chemical combinations are introduced every six months or so. With such rapid progress, it is difficult to assess how well the revised battery will age.

The most economical Li-ion battery in terms of cost-to-energy ratio is the cylindrical 18650 cell. This cell is used for mobile computing and other applications that do not demand ultra-thin geometry. If a slimmer pack is required (thinner than 18 mm), the prismatic Li‑ion cell is the best choice. There are no gains in energy density over the 18650, however, the cost of obtaining the same energy may double.

For ultra-slim geometry (less than 4 mm), the only choice is Li‑ion polymer. This is the most expensive system in terms of cost-to-energy ratio. There are no gains in energy density and the durability is inferior to the rugged 18560 cell.
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	Advantages and Limitations of Li-ion Batteries
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	Advantages
	High energy density — potential for yet higher capacities.

Relatively low self-discharge — self-discharge is less than half that of NiCd and NiMH.

Low Maintenance — no periodic discharge is needed; no memory.

	Limitations
	Requires protection circuit — protection circuit limits voltage and current. Battery is safe if not provoked.

Subject to aging, even if not in use — storing the battery in a cool place and at 40 percent state-of-charge reduces the aging effect.

Moderate discharge current.

Subject to transportation regulations — shipment of larger quantities of Li-ion batteries may be subject to regulatory control. This restriction does not apply to personal carry-on batteries.

Expensive to manufacture — about 40 percent higher in cost than NiCd. Better manufacturing techniques and replacement of rare metals with lower cost alternatives will likely reduce the price.

Not fully mature — changes in metal and chemical combinations affect battery test results, especially with some quick test methods.
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Figure 5: Advantages and limitations of Li-ion batteries

The Lithium Polymer battery

The Li-polymer differentiates itself from other battery systems in the type of electrolyte used. The original design, dating back to the 1970s, uses a dry solid polymer electrolyte. This electrolyte resembles a plastic-like film that does not conduct electricity but allows an exchange of ions (electrically charged atoms or groups of atoms). The polymer electrolyte replaces the traditional porous separator, which is soaked with electrolyte.

The dry polymer design offers simplifications with respect to fabrication, ruggedness, safety and thin-profile geometry. There is no danger of flammability because no liquid or gelled electrolyte is used. With a cell thickness measuring as little as one millimeter (0.039 inches), equipment designers are left to their own imagination in terms of form, shape and size.

Unfortunately, the dry Li-polymer suffers from poor conductivity. Internal resistance is too high and cannot deliver the current bursts needed for modern communication devices and spinning up the hard drives of mobile computing equipment. Heating the cell to 60°C (140°F) and higher increases the conductivity but this requirement is unsuitable for portable applications.

To make a small Li-polymer battery conductive, some gelled electrolyte has been added. Most of the commercial Li-polymer batteries used today for mobile phones are a hybrid and contain gelled electrolyte. The correct term for this system is Lithium Ion Polymer. For promotional reasons, most battery manufacturers mark the battery simply as Li-polymer. Since the hybrid lithium polymer is the only functioning polymer battery for portable use today, we will focus on this chemistry.

With gelled electrolyte added, what then is the difference between classic Li‑ion and Li‑ion polymer? Although the characteristics and performance of the two systems are very similar, the Li‑ion polymer is unique in that solid electrolyte replaces the porous separator. The gelled electrolyte is simply added to enhance ion conductivity.

Technical difficulties and delays in volume manufacturing have deferred the introduction of the Li‑ion polymer battery. In addition, the promised superiority of the Li‑ion polymer has not yet been realized. No improvements in capacity gains are achieved — in fact, the capacity is slightly less than that of the standard Li‑ion battery. For the present, there is no cost advantage. The major reason for switching to the Li-ion polymer is form factor. It allows wafer-thin geometries, a style that is demanded by the highly competitive mobile phone industry.
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	Advantages and Limitations of Li-ion Polymer Batteries
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	Advantages
	Very low profile — batteries that resemble the profile of a credit card are feasible.

Flexible form factor — manufacturers are not bound by standard cell formats. With high volume, any reasonable size can be produced economically.

Light weight – gelled rather than liquid electrolytes enable simplified packaging, in some cases eliminating the metal shell.

Improved safety — more resistant to overcharge; less chance for electrolyte leakage.

	Limitations
	Lower energy density and decreased cycle count compared to Li-ion — potential for improvements exist.

Expensive to manufacture — once mass-produced, the Li-ion polymer has the potential for lower cost. Reduced control circuit offsets higher manufacturing costs.
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The construction of NIMh is almost identical to the NiCad. The _____________ plate is

nickel/nickel hydroxide and potassium hydroxide as the electrolyte. The __________

electrode is made from hydrogen storage alloy such as lanthanum nickel or zirconium

nickel.

• Typical NIMh cell has a voltage of ____________ volts

• NIMh cells have a very ____________ internal resistance 0.025 ohms

• NIMh cells have an energy density of ___________ Wh/Kg (watt-hour / kilogram).

Positive/ 1.2V
60–120 Wh/kg

Nickel–metal hydride battery
From Wikipedia, the free encyclopedia

Jump to navigation
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Not to be confused with nickel–hydrogen battery.

	Nickel–metal hydride battery

	


Modern NiMH rechargeable cells

	Specific energy
	60–120 Wh/kg

	Energy density
	140–300 Wh/L

	Specific power
	250–1,000 W/kg

	Charge/discharge efficiency
	66%[1]–92%[2]

	Self-discharge rate
	13.9–70.6% at room temperature
36.4–97.8% at 45 °C
Low self-discharge: 1.3–2.9% at 20 °C
(per month)

	Cycle durability
	180[3]–2000[4] cycles

	Nominal cell voltage
	1.2 V


A nickel metal hydride battery, abbreviated NiMH or Ni–MH, is a type of rechargeable battery. The chemical reaction at the positive electrode is similar to that of the nickel–cadmium cell (NiCd), with both using nickel oxide hydroxide (NiOOH). However, the negative electrodes use a hydrogen-absorbing alloy instead of cadmium. A NiMH battery can have two to three times the capacity of an equivalent size NiCd, and its energy density can approach that of a lithium-ion battery. 
[image: image32.wmf]
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History[edit]



Disassembled NiMH AA battery: 

1. Positive terminal

2. Outer metal casing (also negative terminal)

3. Positive electrode

4. Negative electrode with current collector (metal grid, connected to metal casing)

5. Separator (between electrodes)

See also: History of the battery
Work on NiMH batteries began at the Battelle-Geneva Research Center following the technology's invention in 1967. It was based on sintered Ti2Ni+TiNi+x alloys and NiOOH electrodes.[clarification needed] Development was sponsored over nearly two decades by Daimler-Benz and by Volkswagen AG within Deutsche Automobilgesellschaft, now a subsidiary of Daimler AG. The batteries' specific energy reached 50 W·h/kg (180 kJ/kg), power density up to 1000 W/kg and a life of 500 charge cycles (at 100% depth of discharge). Patent applications were filed in European countries (priority: Switzerland), the United States, and Japan. The patents transferred to Daimler-Benz.[5] 

Interest grew in the 1970s with the commercialisation of the nickel–hydrogen battery for satellite applications. Hydride technology promised an alternative, less bulky way to store the hydrogen. Research carried out by Philips Laboratories and France's CNRS developed new high-energy hybrid alloys incorporating rare-earth metals for the negative electrode. However, these suffered from alloy instability in alkaline electrolyte and consequently insufficient cycle life. In 1987, Willems and Buschow demonstrated a successful battery based on this approach (using a mixture of La0.8Nd0.2Ni2.5Co2.4Si0.1), which kept 84% of its charge capacity after 4000 charge–discharge cycles. More economically viable alloys using mischmetal instead of lanthanum were soon developed. Modern NiMH cells were based on this design.[6] The first consumer-grade NiMH cells became commercially available in 1989.[7] 

In 1998, Ovonic Battery Co. improved the Ti–Ni alloy structure and composition and patented its innovations.[8] 

In 2008, more than two million hybrid cars worldwide were manufactured with NiMH batteries.[9] 

In the European Union and due to its Battery Directive, nickel metal hydride batteries replaced Ni–Cd batteries for portable consumer use.[10] 

About 22% of portable rechargeable batteries sold in Japan in 2010 were NiMH.[11] In Switzerland in 2009, the equivalent statistic was approximately 60%.[12] This percentage has fallen over time due to the increase in manufacture of lithium-ion batteries: in 2000, almost half of all portable rechargeable batteries sold in Japan were NiMH.[11] 

In 2015 BASF produced a modified microstructure that helped make NiMH batteries more durable, in turn allowing changes to the cell design that saved considerable weight, allowing the gravimetric energy density to reach 140 watt-hours per kilogram.[13] 

Electrochemistry[edit]
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The negative electrode reaction occurring in a NiMH cell is 

H2O + M + e− ⇌ OH− + MH

The charge reaction is read left-to-right and the discharge reaction is read right-to-left. 

On the positive electrode, nickel oxyhydroxide, NiO(OH), is formed: 

Ni(OH)2 + OH− ⇌ NiO(OH) + H2O + e−
The metal M in the negative electrode of a NiMH cell is an intermetallic compound. Many different compounds have been developed for this application, but those in current use fall into two classes. The most common is AB5, where A is a rare-earth mixture of lanthanum, cerium, neodymium, praseodymium, and B is nickel, cobalt, manganese, or aluminium. Some cells use higher-capacity negative electrode materials based on AB2 compounds, where A is titanium or vanadium, and B is zirconium or nickel, modified with chromium, cobalt, iron, or manganese.[14] Any of these compounds serve the same role, reversibly forming a mixture of metal hydride compounds. 

When overcharged at low rates, oxygen produced at the positive electrode passes through the separator and recombines at the surface of the negative. Hydrogen evolution is suppressed, and the charging energy is converted to heat. This process allows NiMH cells to remain sealed in normal operation and to be maintenance-free. 

NiMH cells have an alkaline electrolyte, usually potassium hydroxide. The positive electrode is nickel hydroxide, and the negative electrode is hydrogen ions, or protons. The hydrogen ions are stored in a metal-hydride structure that is the electrode.[15] Hydrophilic polyolefin nonwovens are used for separation.[16] 

Charge[edit]
Charging voltage is in the range of 1.4–1.6 V per cell. In general, a constant-voltage charging method cannot be used for automatic charging. When fast-charging, it is advisable to charge the NiMH cells with a smart battery charger to avoid overcharging, which can damage cells.[17] 

Trickle charging[edit]
The simplest of the safe charging methods is with a fixed low current, with or without a timer. Most manufacturers claim that overcharging is safe at very low currents, below 0.1 C (C/10) (where C is the current equivalent to the capacity of the battery divided by one hour).[18] The Panasonic NiMH charging manual warns that overcharging for long enough can damage a battery and suggests limiting the total charging time to 10–20 hours.[17] 

Duracell further suggests that a trickle charge at C/300 can be used for batteries that must be kept in a fully charged state.[18] Some chargers do this after the charge cycle, to offset natural self-discharge. A similar approach is suggested by Energizer,[15] which indicates that self-catalysis can recombine gas formed at the electrodes for charge rates up to C/10. This leads to cell heating. The company recommends C/30 or C/40 for indefinite applications where long life is important. This is the approach taken in emergency lighting applications, where the design remains essentially the same as in older NiCd units, except for an increase in the trickle-charging resistor value.[citation needed] 

Panasonic's handbook recommends that NiMH batteries on standby be charged by a lower duty cycle approach, where a pulse of a higher current is used whenever the battery's voltage drops below 1.3 V. This can extend battery life and use less energy.[17] 

ΔV charging method[edit]



NiMH charge curve

In order to prevent cell damage, fast chargers must terminate their charge cycle before overcharging occurs. One method is to monitor the change of voltage with time. When the battery is fully charged, the voltage across its terminals drops slightly. The charger can detect this and stop charging. This method is often used with nickel–cadmium cells, which display a large voltage drop at full charge. However, the voltage drop is much less pronounced for NiMH and can be non-existent at low charge rates, which can make the approach unreliable.[18] 

Another option is to monitor the change of voltage with respect to time and stop when this becomes zero, but this risks premature cutoffs.[18] With this method, a much higher charging rate can be used than with a trickle charge, up to 1 C. At this charge rate, Panasonic recommends to terminate charging when the voltage drops 5–10 mV per cell from the peak voltage.[17] Since this method measures the voltage across the battery, a constant-current (rather than a constant-voltage) charging circuit is used. 

ΔT charging method[edit]
The temperature-change method is similar in principle to the ΔV method. Because the charging voltage is nearly constant, constant-current charging delivers energy at a near-constant rate. When the cell is not fully charged, most of this energy is converted to chemical energy. However, when the cell reaches full charge, most of the charging energy is converted to heat. This increases the rate of change of battery temperature, which can be detected by a sensor such as a thermistor. Both Panasonic and Duracell suggest a maximal rate of temperature increase of 1 °C per minute. Using a temperature sensor allows an absolute temperature cutoff, which Duracell suggests at 60 °C.[18] With both the ΔT and the ΔV charging methods, both manufacturers recommend a further period of trickle charging to follow the initial rapid charge.[citation needed] 

Safety[edit]



NiMH cell that popped its cap due to failed safety valve

A resettable fuse in series with the cell, particularly of the bimetallic strip type, increases safety. This fuse opens if either the current or the temperature gets too high.[18] 

Modern NiMH cells contain catalysts to handle gases produced by over-charging (2 H 2 + O 2 → catalyst 2 H 2 O {\displaystyle {\ce {2H2{}+O2->[{\text{catalyst}}]2H2O}}} [image: image37]). However, this only works with overcharging currents of up to 0.1 C (that is, nominal capacity divided by ten hours). This reaction causes batteries to heat, ending the charging process.[18] 

A method for very rapid charging called in-cell charge control involves an internal pressure switch in the cell, which disconnects the charging current in the event of overpressure. 

One inherent risk with NiMH chemistry is that overcharging causes hydrogen gas to form, potentially rupturing the cell. Therefore, cells have a vent to release the gas in the event of serious overcharging.[19] 

NiMH batteries are made of environmentally friendly materials.[20] The batteries contain only mildly toxic substances and are recyclable.[15] 

Loss of capacity[edit]
Voltage depression (often mistakenly attributed to the memory effect) from repeated partial discharge can occur, but is reversible with a few full discharge/charge cycles.[21] 

Discharge[edit]
A fully charged cell supplies an average 1.25 V/cell during discharge, declining to about 1.0–1.1 V/cell (further discharge may cause permanent damage in the case of multi-cell packs, due to polarity reversal). Under a light load (0.5 ampere), the starting voltage of a freshly charged AA NiMH cell in good condition is about 1.4 volts.[22] 

Over-discharge[edit]
Complete discharge of multi-cell packs can cause reverse polarity in one or more cells, which can permanently damage them. This situation can occur in the common arrangement of four AA cells in series in a digital camera, where one completely discharges before the others due to small differences in capacity among the cells. When this happens, the good cells start to drive the discharged cell into reverse polarity (i.e. positive anode/negative cathode). Some cameras, GPS receivers and PDAs detect the safe end-of-discharge voltage of the series cells and perform an auto-shutdown, but devices such as flashlights and some toys do not. 

Irreversible damage from polarity reversal is a particular danger, even when a low voltage-threshold cutout is employed, when the cells vary in temperature. This is because capacity significantly declines as the cells are cooled. This results in a lower voltage under load of the colder cells.[23] 

Self-discharge[edit]
NiMH cells historically had a somewhat higher self-discharge rate (equivalent to internal leakage) than NiCd cells. The self-discharge rate varies greatly with temperature, where lower storage temperature leads to slower discharge and longer battery life. The self-discharge is 5–20% on the first day and stabilizes around 0.5–4% per day at room temperature.[24]
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Low self-discharge[edit]
The low self-discharge nickel metal hydride battery (LSD NiMH) has a significantly lower rate of self-discharge. The innovation was introduced in 2005 by Sanyo, under their Eneloop brand.[29] By using an improved electrode separator and improved positive electrode, manufacturers claim the cells retain 70–85% of their capacity when stored one year at 20 °C (68 °F), compared to about half for normal NiMH batteries. They are otherwise similar to other NiMH batteries and can be charged in typical NiMH chargers. These cells are marketed as "hybrid", "ready-to-use" or "pre-charged" rechargeables. Retention of charge depends in large part on the battery's impedance or internal resistance (the lower the better), and on its physical size and charge capacity. 

Separators keep the two electrodes apart to slow electrical discharge while allowing the transport of ionic charge carriers that close the circuit during the passage of current.[30] High-quality separators are critical for battery performance. 

Thick separators are one way to reduce self-discharge, but take up space and reduce capacity, while thin separators tend to raise the self-discharge rate. Some batteries may have overcome this tradeoff using thin separators with more precise manufacturing and by using a more advanced sulfonated polyolefin separator. 

Low-self-discharge cells have lower capacity than standard NiMH cells because of the separator's larger volume. The highest-capacity low-self-discharge AA cells have 2500 mAh capacity, compared to 2700 mAh for high-capacity AA NiMH cells.[31] 

Compared to other battery types[edit]
NiMH cells are often used in digital cameras and other high-drain devices, where over the duration of single-charge use they outperform primary (such as alkaline) batteries. 

NiMH cells are advantageous for high-current-drain applications, largely due to their lower internal resistance. Typical alkaline AA-size batteries, which offer approximately 2600 mAh capacity at low current demand (25 mA), provide only 1300 mAh capacity with a 500 mA load.[32] Digital cameras with LCDs and flashlights can draw over 1000 mA, quickly depleting them. NiMH cells can deliver these current levels without similar loss of capacity.[15] 

Devices that were designed to operate using primary alkaline chemistry (or zinc–carbon/chloride) cells may not function with NiMH cells. However, most devices compensate for the voltage drop of an alkaline battery as it discharges down to about 1 volt. Low internal resistance allows NiMH cells to deliver a nearly constant voltage until they are almost completely discharged. Thus battery-level indicators designed to read alkaline cells overstate the remaining charge when used with NiMH cells, as the voltage of alkaline cells decreases steadily during most of the discharge cycle. 

Lithium-ion batteries have a higher specific energy than nickel metal hydride batteries,[33] but they are significantly more expensive.[34] They also produce a higher voltage (3.2-3.7V nominal), and are thus not a drop-in replacement for alkaline batteries without circuitry to reduce voltage. 

As of 2005[update], nickel metal hydride batteries constituted three percent of the battery market.[20] 

Applications[edit]



High-power Ni–MH battery of Toyota NHW20 Prius, Japan



Nickel metal hydride 24 V battery pack made by VARTA, Museum Autovision, Altlussheim, Germany
Consumer electronics[edit]
NiMH batteries have replaced NiCd for many roles, notably small rechargeable batteries. NiMH batteries are commonly available in AA (penlight-size) batteries. These have nominal charge capacities (C) of 1.1–2.8 Ah at 1.2 V, measured at the rate that discharges the cell in 5 hours. Useful discharge capacity is a decreasing function of the discharge rate, but up to a rate of around 1×C (full discharge in 1 hour), it does not differ significantly from the nominal capacity.[21] NiMH batteries nominally operate at 1.2 V per cell, somewhat lower than conventional 1.5 V cells, but can operate many devices designed for that voltage. 

Electric vehicles[edit]
Main articles: Electric vehicle, Battery electric vehicle, Electric car, and Patent encumbrance of large automotive NiMH batteries
Applications of NiMH electric-vehicle batteries include all-electric plug-in vehicles such as the General Motors EV1, first-generation Toyota RAV4 EV, Honda EV Plus, Ford Ranger EV and Vectrix scooter. Hybrid vehicles such as the Toyota Prius, Honda Insight, Ford Escape Hybrid, Chevrolet Malibu Hybrid and Honda Civic Hybrid also use them. 

Stanford R. Ovshinsky invented and patented a popular improvement of the NiMH battery and founded Ovonic Battery Company in 1982. General Motors purchased Ovonics' patent in 1994. By the late 1990s, NiMH batteries were being used successfully in many fully electric vehicles, such as the General Motors EV1 and Dodge Caravan EPIC minivan. In October 2000, the patent was sold to Texaco, and a week later Texaco was acquired by Chevron. Chevron's Cobasys subsidiary provides these batteries only to large OEM orders. General Motors shut down production of the EV1, citing lack of battery availability as a chief obstacle. Cobasys control of NiMH batteries created a patent encumbrance for large automotive NiMH batteries

Shelf Discharge:

NIMh’s cells have a _______________ shelf discharge rate than NiCad’s. Typically it

loses approx 20% of its charge in the first 24 hours and loses a further 20% per month.

However, the self discharge rate doubles for a rise in temperature of 10 degrees C.

Some NIMh can discharge themselves in approximately six months.
Higher
Charging:

NiMh cells do not like to be ____________ charged, and do not like ____________

cycling; and therefore require a special charger. They can be charged / discharged

over 500 Times.
Over/ too high or too low
A NiMH in a NiCd charger would overheat, but a NiCd in a NiMH charger functions well. Modern chargers accommodate both battery systems. It is difficult, if not impossible, to slow charge a NiMH battery. ... Harmful overcharge can occur when charging partially or fully charged batteries, even if the battery remains cold

Why do some packs never get to rated capacity? It may not be the packs fault. When you cycle, you need to ensure that the cut off voltage of the cycler is not too high or too low. .8V or .9V per cell is what you want the cut off to be. If it is higher than .9V per cell, the cut off takes place before the pack is finished. If it it is too low, below .8V per cell, you risk the the chance that the cell could reverse. Nicads and NIMH's cells are pretty durable but not immune to damage.

11. LITHIUM-ION (LI-ION)

Lithium is the _____________ of metals and it ____________ on water. It also has the greatest electrochemical _______________ which makes it one of the most

____________ of metals and while it is not a problem with primary cells it poses an

_____________ risk with rechargeable cells. Therefore, to make lithium-cell safe, it

uses lithium ions from chemicals such lithium cobalt dioxide instead of the metal itself.

These properties give Lithium the potential to achieve ____________ energy and

power densities in high power battery applications such as automotive and standby

power.

silvery-white alkali metal/ 

Lithium metals reacts slowly with water to form a colourless solution of lithium hydroxide (LiOH) and hydrogen gas (H2). The resulting solution is basic because of the dissolved hydroxide. The reaction is exothermic, but the reaction is slower than that of sodium (immediately below lithium in the periodic table).

conversion

chemical

Lithium-ion batteries can pose unique safety hazards since they contain a flammable electrolyte and may be kept pressurized. A battery cell charged too quickly could cause a short circuit, leading to explosions and fires.

Electro-chemical 
Lithium-ion battery
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	Lithium-ion battery

	


An example of a Li-ion battery
(used in various Nokia mobile phones)

	Specific energy
	100–265 W·h/kg[1]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-greencarcongress-2" [2] 

(0.36–0.875 MJ/kg)

	Energy density
	250–693 W·h/L[3]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-4" [4] 

(0.90–2.43 MJ/L)

	Specific power
	~250-~340 W/kg[1]

	Charge/discharge efficiency
	80–90%[5]

	Energy/consumer-price
	2 W·h/US$[6]

	Self-discharge rate
	2% per month[7]

	Cycle durability
	400–1200 cycles 

[8]

	Nominal cell voltage
	NMC 3.6 / 3.85 V, LiFePO4 3.2 V


A lithium-ion battery or Li-ion battery (abbreviated as LIB) is a type of rechargeable battery in which lithium ions move from the negative electrode to the positive electrode during discharge and back when charging. Li-ion batteries use an intercalated lithium compound as one electrode material, compared to the metallic lithium used in a non-rechargeable lithium battery. The electrolyte, which allows for ionic movement, and the two electrodes are the constituent components of a lithium-ion battery cell. 
Lithium-ion batteries are common in home electronics. They are one of the most popular types of rechargeable batteries for portable electronics, with a high energy density, tiny memory effect[9] and low self-discharge. LIBs are also growing in popularity for military, battery electric vehicle and aerospace applications.[10] 

Chemistry, performance, cost and safety characteristics vary across LIB types. Handheld electronics mostly use LIBs based on lithium cobalt oxide (LiCoO
2), which offers high energy density but presents safety risks,[11] especially when damaged. Lithium iron phosphate (LiFePO
4), lithium ion manganese oxide battery (LiMn
2O
4, Li
2MnO
3, or LMO), and lithium nickel manganese cobalt oxide (LiNiMnCoO
2 or NMC) offer lower energy density but longer lives and less likelihood of unfortunate events in real-world use (e.g., fire, explosion, etc.). Such batteries are widely used for electric tools, medical equipment, and other roles. NMC in particular is a leading contender for automotive applications. Lithium nickel cobalt aluminum oxide (LiNiCoAlO
2 or NCA) and lithium titanate (Li
4Ti
5O
12 or LTO) are specialty designs aimed at particular niche roles. The newer lithium–sulfur batteries promise the highest performance-to-weight ratio. 

Lithium-ion batteries can pose unique safety hazards since they contain a flammable electrolyte and may be kept pressurized. A battery cell charged too quickly could cause a short circuit, leading to explosions and fires.[12] Because of these risks, testing standards are more stringent than those for acid-electrolyte batteries, requiring both a broader range of test conditions and additional battery-specific tests.[13]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-14" [14]
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Research areas for lithium-ion batteries include life extension, energy density, safety, cost reduction, and charging speed,[18] among others. Research has also been under way for aqueous lithium-ion batteries, which have demonstrated fewer potential safety hazards due to their use of liquid electrolytes.[19] 
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Terminology[edit]
Battery versus cell[edit]
International industry standards differentiate between a cell and a battery.[15]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-IEC_61960_2011-20" [20] A cell is a basic electrochemical unit that contains the electrodes, separator, and electrolyte. A battery or battery pack is a collection of cells or cell assemblies. These may be made ready for use by providing an appropriate housing, electrical interconnections, and possibly electronics to control and protect the cells from failure.[21]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-SAND_2005_3123-22" [22] (Failure in this case is used in the engineering sense and may include thermal runaway, fire, and explosion as well as more benign events such as loss of charge capacity.) 

For example, battery electric vehicles,[23] may have a battery system of 400 V, made of many individual cells. The term module is often used, where a battery pack is made of modules, and modules are composed of individual cells.[22]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-R1-23" [23] 

Anode, cathode, electrode[edit]
In electrochemistry, the anode is the electrode where oxidation is taking place in a cell, i.e. electrons get free and flow out of the cell (conventional current flowing into it). However, for rechargeable cells, the electrode where electrons flow out during discharging will become the electrode where electrons flow in during charging and vice versa, therefore the anode and the cathode will swap places when the cell switches between charging and discharging states. The less ambiguous terms are positive (cathode on discharge) and negative (anode on discharge) electrodes, which, when connected to the positive and negative terminals of a voltmeter, show a positive reading.[24] For rechargeable cells, the term cathode designates the electrode where reduction is taking place during the discharge cycle, even though both oxidation and reduction reactions take place there, depending on whether the cell is in charging or discharging mode. For lithium-ion cells the positive electrode ("cathode") is the lithium-based one. 

History[edit]
See also: History of the battery
Invention and development[edit]



Varta lithium-ion battery, Museum Autovision, Altlussheim, Germany

Lithium batteries were proposed by British chemist M Stanley Whittingham, now at Binghamton University, while working for Exxon in the 1970s.[25] Whittingham used titanium(IV) sulfide and lithium metal as the electrodes. However, this rechargeable lithium battery could never be made practical. Titanium disulfide was a poor choice, since it has to be synthesized under completely sealed conditions, also being quite expensive (~$1000 per kilogram for titanium disulfide raw material in 1970s). When exposed to air, titanium disulfide reacts to form hydrogen sulfide compounds, which have an unpleasant odour and are toxic to most animals. For this, and other reasons, Exxon discontinued development of Whittingham's lithium-titanium disulfide battery.[26] Batteries with metallic lithium electrodes presented safety issues, as lithium is a highly reactive element; it autoignites exposed to normal atmospheric conditions because of spontaneous reactions with water and oxygen.[27] As a result, research moved to develop batteries in which, instead of metallic lithium, only lithium compounds are present, being capable of accepting and releasing lithium ions. 

Reversible intercalation in graphite[28]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-29" [29] and intercalation into cathodic oxides[30]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-31" [31] was discovered during 1974–76 by J. O. Besenhard at TU Munich. Besenhard proposed its application in lithium cells.[32]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-33" [33] Electrolyte decomposition and solvent co-intercalation into graphite were severe early drawbacks for battery life. 

· 1973 – Adam Heller Proposes the lithium thionyl chloride battery, still used in implanted medical devices and in defense systems where greater than a 20-year shelf life, high energy density, or extreme operating temperatures are encountered.[34]
· 1977 – Samar Basu demonstrated electrochemical intercalation of lithium in graphite at the University of Pennsylvania.[35]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-36" [36] This led to the development of a workable lithium intercalated graphite electrode at Bell Labs (LiC
6)[37] to provide an alternative to the lithium metal electrode battery.

· 1979 – Working in separate groups, at Stanford University Ned A. Godshall et al.,[38]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-39" [39]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-40" [40] and the following year in 1980 at Oxford University, England, John Goodenough and Koichi Mizushima, both demonstrated a rechargeable lithium cell with voltage in the 4 V range using lithium cobalt oxide (LiCoO
2) as the positive electrode and lithium metal as the negative electrode.[41]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-42" [42] This innovation provided the positive electrode material that made lithium batteries commercially possible. LiCoO
2 is a stable positive electrode material which acts as a donor of lithium ions, which means that it can be used with a negative electrode material other than lithium metal.[citation needed] By enabling the use of stable and easy-to-handle negative electrode materials, LiCoO
2 opened a whole new range of possibilities for novel rechargeable battery systems. Godshall et al. further identified in 1979, along with LiCoO2, the similar value of ternary compound lithium-transition metal-oxides such as the spinel LiMn2O4, Li2MnO3, LiMnO2, LiFeO2, LiFe5O8, and LiFe5O4 (and later lithium-copper-oxide and lithium-nickel-oxide cathode materials in 1985)[43]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-ReferenceC-43" [43]
· 1980 – Rachid Yazami demonstrated the reversible electrochemical intercalation of lithium in graphite.[44]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-45" [45] The organic electrolytes available at the time would decompose during charging with a graphite negative electrode, slowing the development of a rechargeable lithium/graphite battery. Yazami used a solid electrolyte to demonstrate that lithium could be reversibly intercalated in graphite through an electrochemical mechanism. (As of 2011, the graphite electrode discovered by Yazami is the most commonly used electrode in commercial lithium ion batteries).

· 1982 – Godshall et al. were awarded the U.S. Patent[46] on the use of LiCoO2 as cathodes in lithium batteries, based on Godshall's Stanford University Ph.D. thesis Dissertation and 1979 publications.

· 1983 – Michael M. Thackeray, John B. Goodenough, and coworkers further developed manganese spinel as a positive electrode material, after its 1979 identification as such by Godshall et al. in 1979 (above).[47] Spinel showed great promise, given its low-cost, good electronic and lithium ion conductivity, and three-dimensional structure, which gives it good structural stability. Although pure manganese spinel fades with cycling, this can be overcome with chemical modification of the material.[48] As of 2013, manganese spinel was used in commercial cells.[49]
· 1985 – Akira Yoshino assembled a prototype cell using carbonaceous material into which lithium ions could be inserted as one electrode, and lithium cobalt oxide (LiCoO
2), which is stable in air, as the other.[50] By using materials without metallic lithium, safety was dramatically improved. LiCoO
2 enabled industrial-scale production and represents the birth of the current lithium-ion battery.

· 1989 – John Goodenough and Arumugam Manthiram of the University of Texas at Austin showed that positive electrodes containing polyanions, e.g., sulfates, produce higher voltages than oxides due to the induction effect of the polyanion.[51]
There were two main trends in the research and development of electrode materials for lithium ion rechargeable batteries. One was the approach from the field of electrochemistry centering on graphite intercalation compounds,[52] and the other was the approach from the field of new nano-carbonaceous materials.[53] 

The negative electrode of today’s lithium ion rechargeable battery has its origins in PAS (polyacenic semiconductive material) discovered by Tokio Yamabe and later by Shjzukuni Yata in the early 1980s.[54]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-55" [55]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-56" [56]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-57" [57] The seed of this technology, furthermore, was the discovery of conductive polymers by Professor Hideki Shirakawa and his group, and it could also be seen as having started from the polyacetylene lithium ion battery developed by Alan MacDiarmid and Alan J. Heeger et al.[58] 

Commercial production[edit]
The performance and capacity of lithium-ion batteries increases as development progresses. 

· 1991 – Sony and Asahi Kasei released the first commercial lithium-ion battery.[59]
· 1996 – John Goodenough, Akshaya Padhi and coworkers proposed lithium iron phosphate (LiFePO
4) and other phospho-olivines (lithium metal phosphates with the same structure as mineral olivine) as positive electrode materials.[60]
· 2001 – Zhonghua Lu and Jeff Dahn file a patent[61] for the lithium nickel manganese cobalt oxide (NMC) class of positive electrode materials, which offers safety and energy density improvements over the widely used lithium cobalt oxide.

· 2002 – Yet-Ming Chiang and his group at MIT showed a substantial improvement in the performance of lithium batteries by boosting the material's conductivity by doping it[62] with aluminium, niobium and zirconium. The exact mechanism causing the increase became the subject of widespread debate.[63]
· 2004 – Chiang again increased performance by utilizing lithium iron(II) phosphate particles of less than 100 nanometers in diameter. This decreased particle density almost one hundredfold, increased the positive electrode's surface area and improved capacity and performance. Commercialization led to a rapid growth in the market for higher capacity LIBs, as well as a patent infringement battle between Chiang and John Goodenough.[63]
· 2011 – lithium-ion batteries accounted for 66% of all portable secondary (i.e., rechargeable) battery sales in Japan.[64]
· 2012 – John Goodenough, Rachid Yazami and Akira Yoshino received the 2012 IEEE Medal for Environmental and Safety Technologies for developing the lithium ion battery.

· 2014 – commercial batteries from Amprius Corp. reached 650 Wh/L (a 20% increase), using a silicon anode and were delivered to customers.[65] The National Academy of Engineering recognized John Goodenough, Yoshio Nishi, Rachid Yazami and Akira Yoshino for their pioneering efforts in the field.[66]
As of 2016[update], global lithium-ion battery production capacity was 28 gigawatt-hours, with 16.4 GWh in China.[67] 

Market[edit]
Industry produced about 660 million cylindrical lithium-ion cells in 2012; the 18650 size is by far the most popular for cylindrical cells. If Tesla meets its goal of shipping 40,000 Model S electric cars in 2014 and if the 85-kWh battery, which uses 7,104 of these cells, proves as popular overseas as it was in the U.S., in 2014 the Model S alone would use almost 40 percent of global cylindrical battery production.[68] Production is gradually shifting to higher-capacity 3,000+ mAh cells. Annual flat polymer cell demand was expected to exceed 700 million in 2013.[69] 

In 2015 cost estimates ranged from $300–500/kWh.[70] 

In 2016 GM revealed they will be paying $145 / kWh for the batteries in the Chevy Bolt EV.[71] 

Price-fixing conspiracy[edit]
Information came to light in 2011 regarding a long-term antitrust violating price-fixing conspiracy among the world's major lithium-ion battery manufacturers that kept prices artificially high from 2000 to 2011, according to a class action complaint that was tentatively settled with one of the defendants, Sony, in 2016.[72] The complaint provided evidence that participants included LG, Samsung SDI, Sanyo, Panasonic, Sony, and Hitachi, and notes that Sanyo and LG had "pled guilty to the criminal price-fixing of Lithium Ion Batteries".[72] 

Sony agreed to settle for $20 million, and also cooperate by, among other things, making employees chosen by plaintiffs available for interviews, depositions and testimony, as well as provide clarifying information regarding the scheme and the documents provided to date, including responding to authentication and clarification questions.[73]Cooperation clause: pp. 23–25. 

Construction[edit]



Cylindrical Panasonic 18650 lithium-ion battery cell before closing.




Lithium-ion battery monitoring electronics (over-charge and deep-discharge protection)




An 18650 size lithium ion battery, with an alkaline AA for scale. 18650 are used for example in notebooks or Tesla Model S
The three primary functional components of a lithium-ion battery are the positive and negative electrodes and electrolyte. Generally, the negative electrode of a conventional lithium-ion cell is made from carbon. The positive electrode is a metal oxide, and the electrolyte is a lithium salt in an organic solvent.[74] The electrochemical roles of the electrodes reverse between anode and cathode, depending on the direction of current flow through the cell. 

The most commercially popular negative electrode is graphite. The positive electrode is generally one of three materials: a layered oxide (such as lithium cobalt oxide), a polyanion (such as lithium iron phosphate) or a spinel (such as lithium manganese oxide).[75] Recently, graphene based electrodes (based on 2D and 3D structures of graphene) have also been used as electrodes for lithium batteries.[76] 

The electrolyte is typically a mixture of organic carbonates such as ethylene carbonate or diethyl carbonate containing complexes of lithium ions.[77] These non-aqueous electrolytes generally use non-coordinating anion salts such as lithium hexafluorophosphate (LiPF
6), lithium hexafluoroarsenate monohydrate (LiAsF
6), lithium perchlorate (LiClO
4), lithium tetrafluoroborate (LiBF
4), and lithium triflate (LiCF
3SO
3). 

Depending on materials choices, the voltage, energy density, life, and safety of a lithium-ion battery can change dramatically. Recently, novel architectures using nanotechnology have been employed to improve performance. 

Pure lithium is highly reactive. It reacts vigorously with water to form lithium hydroxide and hydrogen gas. Thus, a non-aqueous electrolyte is typically used, and a sealed container rigidly excludes moisture from the battery pack. 

Lithium-ion batteries are more expensive than NiCd batteries but operate over a wider temperature range with higher energy densities. They require a protective circuit to limit peak voltage. 

For notebooks or laptops, lithium-ion cells are supplied as part of a battery pack with temperature sensors, voltage converter/regulator circuit, voltage tap, battery charge state monitor and the main connector. These components monitor the state of charge and current in and out of each cell, capacities of each individual cell (drastic change can lead to reverse polarities which is dangerous),[78][unreliable source?] and temperature of each cell and minimize the risk of short circuits.[79] 

Shapes[edit]
See also: Lithium polymer battery



Nissan Leaf's lithium-ion battery pack.

Li-ion cells (as distinct from entire batteries) are available in various shapes, which can generally be divided into four groups:[80][full citation needed] 

· Small cylindrical (solid body without terminals, such as those used in older laptop batteries)

· Large cylindrical (solid body with large threaded terminals)

· Pouch (soft, flat body, such as those used in cell phones and newer laptops; also referred to as li-ion polymer or lithium polymer batteries)

· Prismatic (semi-hard plastic case with large threaded terminals, such as vehicles' traction packs)

Cells with a cylindrical shape are made in a characteristic "swiss roll" manner (known as a "jelly roll" in the US), which means it is a single long sandwich of positive electrode, separator, negative electrode and separator rolled into a single spool. The main disadvantage of this method of construction is that the cell will have a higher series inductance. 

The absence of a case gives pouch cells the highest gravimetric energy density; however, for many practical applications they still require an external means of containment to prevent expansion when their state-of-charge (SOC) level is high,[81] and for general structural stability of the battery pack of which they are part. 

Since 2011, several research groups have announced demonstrations of lithium-ion flow batteries that suspend the cathode or anode material in an aqueous or organic solution.[82] 

In 2014, Panasonic created the smallest Li-ion battery. It is pin shaped. It has a diameter of 3.5mm and a weight of 0.6g.[83] 

Electrochemistry[edit]
The reactants in the electrochemical reactions in a lithium-ion battery are the negative and positive electrodes and the electrolyte providing a conductive medium for lithium ions to move between the electrodes. Electrical energy flows out from or in to the battery when electrons flow through an external circuit during discharge or charge, respectively. 

Both electrodes allow lithium ions to move in and out of their structures with a process called insertion (intercalation) or extraction (deintercalation), respectively. During discharge, the (positive) lithium ions move from the negative electrode (anode) (usually graphite = "C 6 {\displaystyle {\ce {C_{6}}}} [image: image47]" as below) to the positive electrode (cathode) (forming a lithium compound) through the electrolyte while the electrons flow through the external circuit in the same direction.[84] When the cell is charging, the reverse occurs with the lithium ions and electrons move back into the negative electrode in a net higher energy state. The following equations exemplify the chemistry. 

The positive electrode (cathode) half-reaction in the lithium-doped cobalt oxide substrate is:[85]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-Newnes_Citation-86" [86] 

CoO 2 + Li + + e − ↽ − − ⇀ LiCoO 2 {\displaystyle {\ce {{CoO2}+{Li+}+{e^{-}}<=>{LiCoO2}}}} [image: image48]
The negative electrode (anode) half-reaction for the graphite is: 

LiC 6 ↽ − − ⇀ C 6 + Li + + e − {\displaystyle {\ce {{LiC6}<=>{C6}+{Li+}+{e^{-}}}}} [image: image49]
The full reaction (left to right: discharging, right to left: charging) being: 

LiC 6 + CoO 2 ↽ − − ⇀ C 6 + LiCoO 2 {\displaystyle {\ce {{LiC6}+{CoO2}<=> {C6}+{LiCoO2}}}} [image: image50]
The overall reaction has its limits. Overdischarging supersaturates lithium cobalt oxide, leading to the production of lithium oxide,[87] possibly by the following irreversible reaction: 

Li + + e − + LiCoO 2 ⟶ Li 2 O + CoO {\displaystyle {\ce {{Li+}+{e^{-}}+{LiCoO2}->{Li2O}+{CoO}}}} [image: image51]
Overcharging up to 5.2 volts leads to the synthesis of cobalt(IV) oxide, as evidenced by x-ray diffraction:[88] 

LiCoO 2 ⟶ Li + + CoO 2 + e − {\displaystyle {\ce {{LiCoO2}->{Li+}+{CoO2}+{e^{-}}}}} [image: image52]
In a lithium-ion battery the lithium ions are transported to and from the positive or negative electrodes by oxidizing the transition metal, cobalt (Co), in Li
1-xCoO
2 from Co3+
to Co4+
during charge, and reducing from Co4+
to Co3+
during discharge. The cobalt electrode reaction is only reversible for x < 0.5 (x in mole units), limiting the depth of discharge allowable. This chemistry was used in the Li-ion cells developed by Sony in 1990.[89] 

The cell's energy is equal to the voltage times the charge. Each gram of lithium represents Faraday's constant/6.941 or 13,901 coulombs. At 3 V, this gives 41.7 kJ per gram of lithium, or 11.6 kWh per kg. This is a bit more than the heat of combustion of gasoline, but does not consider the other materials that go into a lithium battery and that make lithium batteries many times heavier per unit of energy. 

Electrolytes[edit]
The cell voltages given in the Electrochemistry section are larger than the potential at which aqueous solutions will electrolyze. 

Liquid Electrolytes[edit]
Liquid electrolytes in lithium-ion batteries consist of lithium salts, such as LiPF
6, LiBF
4 or LiClO
4 in an organic solvent, such as ethylene carbonate, dimethyl carbonate, and diethyl carbonate.[90] A liquid electrolyte acts as a conductive pathway for the movement of cations passing from the negative to the positive electrodes during discharge. Typical conductivities of liquid electrolyte at room temperature (20 °C (68 °F)) are in the range of 10 mS/cm, increasing by approximately 30–40% at 40 °C (104 °F) and decreasing slightly at 0 °C (32 °F).[91] 

The combination of linear and cyclic carbonates (e.g., ethylene carbonate (EC) and dimethyl carbonate (DMC)) offers high conductivity and SEI-forming ability. A mixture of a high ionic conductivity and low viscosity carbonate solvents is needed, because the two properties are mutually exclusive in a single material.[24] 

Organic solvents easily decompose on the negative electrodes during charge. When appropriate organic solvents are used as the electrolyte, the solvent decomposes on initial charging and forms a solid layer called the solid electrolyte interphase (SEI),[92] which is electrically insulating yet provides significant ionic conductivity. The interphase prevents further decomposition of the electrolyte after the second charge. For example, ethylene carbonate is decomposed at a relatively high voltage, 0.7 V vs. lithium, and forms a dense and stable interface.[93] 

It has been demonstrated that it is possible to form SEI in water-based batteries. Aqueous electrolytes with a very high concentration of a specific Lithium salt form a thin, protective layer of film on the anode electrode, which was previously thought to only occur in non-aqueous electrolytes.[94] 

Composite electrolytes based on POE (poly(oxyethylene)) provide a relatively stable interface.[95]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-96" [96] It can be either solid (high molecular weight) and be applied in dry Li-polymer cells, or liquid (low molecular weight) and be applied in regular Li-ion cells. 

Room temperature ionic liquids (RTILs) are another approach to limiting the flammability and volatility of organic electrolytes.[97] 

Solid Electrolytes[edit]
Recent advances in battery technology involve using a solid as the electrolyte material. The most promising of these being ceramics.[98] 

Solid ceramic electrolytes are mostly lithium metal oxides which allow lithium ion transport through the solid more readily due to the intrinsic lithium. The main benefit of solid electrolytes is that there is no risk of leaks, which is a serious safety issue for batteries with liquid electrolytes.[99] 

Solid ceramic electrolytes can be further broken down into two main categories: ceramic and glassy. Ceramic solid electrolytes are highly ordered compounds with crystal structures that usually have ion transport channels.[100] Common ceramic electrolytes are lithium super ion conductors (LISICON) and perovskites. Glassy solid electrolytes are amorphous atomic structures made up of similar elements to ceramic solid electrolytes, but have higher conductivities overall due to higher conductivity at grain boundaries.[101] 

Both glassy and ceramic electrolytes can be made more ionically conductive by substituting sulfur for oxygen. The larger radius of sulfur and its higher ability to be polarized allow for higher conductivity of lithium. This contributes to conductivities of solid electrolytes are nearing parity with their liquid counterparts, with most on the order of 0.1 mS/cm and the best at 10 mS/cm.[102] 

Charge and discharge[edit]
During discharge, lithium ions (Li+
) carry the current within the battery from the negative to the positive electrode, through the non-aqueous electrolyte and separator diaphragm.[103] 

During charging, an external electrical power source (the charging circuit) applies an over-voltage (a higher voltage than the battery produces, of the same polarity), forcing a charging current to flow within the battery from the positive to the negative electrode, i.e. in the reverse direction of a discharge current under normal conditions. The lithium ions then migrate from the positive to the negative electrode, where they become embedded in the porous electrode material in a process known as intercalation. 

Procedure[edit]
The charging procedures for single Li-ion cells, and complete Li-ion batteries, are slightly different. 

· A single Li-ion cell is charged in two stages:[78][unreliable source?]
1. Constant current (CC)

2. Constant Voltage (CV)

· A Li-ion battery (a set of Li-ion cells in series) is charged in three stages:

1. Constant current
2. Balance (not required once a battery is balanced)

3. Constant Voltage
During the constant current phase, the charger applies a constant current to the battery at a steadily increasing voltage, until the voltage limit per cell is reached. 

During the balance phase, the charger reduces the charging current (or cycles the charging on and off to reduce the average current) while the state of charge of individual cells is brought to the same level by a balancing circuit, until the battery is balanced. Some fast chargers skip this stage. Some chargers accomplish the balance by charging each cell independently. 

During the constant voltage phase, the charger applies a voltage equal to the maximum cell voltage times the number of cells in series to the battery, as the current gradually declines towards 0, until the current is below a set threshold of about 3% of initial constant charge current. 

Periodic topping charge about once per 500 hours. Top charging is recommended to be initiated when voltage goes below 4.05 V/cell. 

Failure to follow current and voltage limitations can result in an explosion.[13]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-illinois_charge-104" [104] 

Extreme temperatures[edit]
Charging temperature limits for Li-ion are stricter than the operating limits. Lithium-ion chemistry performs well at elevated temperatures but prolonged exposure to heat reduces battery life. 

Li‑ion batteries offer good charging performance at cooler temperatures and may even allow 'fast-charging' within a temperature range of 5 to 45 °C (41 to 113 °F).[105][better source needed] Charging should be performed within this temperature range. At temperatures from 0 to 5 °C charging is possible, but the charge current should be reduced. During a low-temperature charge the slight temperature rise above ambient due to the internal cell resistance is beneficial. High temperatures during charging may lead to battery degradation and charging at temperatures above 45 °C will degrade battery performance, whereas at lower temperatures the internal resistance of the battery may increase, resulting in slower charging and thus longer charging times.[105][better source needed] 

Consumer-grade lithium-ion batteries should not be charged at temperatures below 0 °C (32 °F). Although a battery pack[106] may appear to be charging normally, electroplating of metallic lithium can occur at the negative electrode during a subfreezing charge, and may not be removable even by repeated cycling. Most devices equipped with Li-ion batteries do not allow charging outside of 0–45 °C for safety reasons, except for mobile phones that may allow some degree of charging when they detect an emergency call in progress.[107] 

Performance[edit]
· Specific energy density: 100 to 250 W·h/kg (360 to 900 kJ/kg)[108]
· Volumetric energy density: 250 to 620 W·h/L (900 to 2230 J/cm³)[2]
· Specific power density: 300 to 1500 W/kg (at 20 seconds and 285 W·h/L)[1][not in citation given]
Because lithium-ion batteries can have a variety of positive and negative electrode materials, the energy density and voltage vary accordingly. 

The open circuit voltage is higher than aqueous batteries (such as lead acid, nickel-metal hydride and nickel-cadmium).[109][not in citation given] Internal resistance increases with both cycling and age.[109][not in citation given][110] Rising internal resistance causes the voltage at the terminals to drop under load, which reduces the maximum current draw. Eventually, increasing resistance will leave the battery in a state such that it can no longer support the normal discharge currents requested of it without unacceptable voltage drop or overheating. 

Batteries with a lithium iron phosphate positive and graphite negative electrodes have a nominal open-circuit voltage of 3.2 V and a typical charging voltage of 3.6 V. Lithium nickel manganese cobalt (NMC) oxide positives with graphite negatives have a 3.7 V nominal voltage with a 4.2 V maximum while charging. The charging procedure is performed at constant voltage with current-limiting circuitry (i.e., charging with constant current until a voltage of 4.2 V is reached in the cell and continuing with a constant voltage applied until the current drops close to zero). Typically, the charge is terminated at 3% of the initial charge current. In the past, lithium-ion batteries could not be fast-charged and needed at least two hours to fully charge. Current-generation cells can be fully charged in 45 minutes or less. In 2015 researchers demonstrated a small 600 mAh capacity battery charged to 68 percent capacity in two minutes and a 3,000 mAh battery charged to 48 percent capacity in five minutes. The latter battery has an energy density of 620 W·h/L. The device employed heteroatoms bonded to graphite molecules in the anode.[111] 

Performance of manufactured batteries has improved over time. For example, from 1991 to 2005 the energy capacity per price of lithium ion batteries improved more than ten-fold, from 0.3 W·h per dollar to over 3 W·h per dollar.[112] In the period from 2011-2017, progress has averaged 7.5% annually.[113] 

Materials[edit]
The increasing demand for batteries has led vendors and academics to focus on improving the energy density, operating temperature, safety, durability, charging time, output power, and cost of lithium ion battery technology. The following materials have been used in commercially available cells. Research into other materials continues. 

Cathode materials are generally constructed out of two general materials: LiCoO
2 and LiMn
2O
4. The cobalt-based material develops a pseudo tetrahedral structure that allows for two-dimensional lithium ion diffusion.[114] The cobalt-based cathodes are ideal due to their high theoretical specific heat capacity, high volumetric capacity, low self-discharge, high discharge voltage, and good cycling performance. Limitations include the high cost of the material, and low thermal stability.[115] The manganese-based materials adopt a cubic crystal lattice system, which allows for three-dimensional lithium ion diffusion.[114] Manganese cathodes are attractive because manganese is cheaper and because it could theoretically be used to make a more efficient, longer-lasting battery if its limitations could be overcome. Limitations include the tendency for manganese to dissolve into the electrolyte during cycling leading to poor cycling stability for the cathode.[115] Cobalt-based cathodes are the most common, however other materials are being researched with the goal of lowering costs and improving battery life.[116] 

As of 2017[update], LiFePO
4 is a candidate for large-scale production of lithium-ion batteries such as electric vehicle applications due to its low cost, excellent safety, and high cycle durability. For example, Sony Fortelion batteries have retained 74% of their capacity after 8000 cycles with 100% discharge.[117] A carbon conductive agent is required to overcome its low electrical conductivity.[118] 

Electrolyte alternatives have also played a significant role, for example the lithium polymer battery. 

Positive electrode[edit]
	Positive electrode 

	Technology
	Company
	Target application
	Date
	Benefit 

	Lithium Nickel Manganese Cobalt Oxide ("NMC", LiNixMnyCozO2) 
	Imara Corporation, Nissan Motor,[119]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-120" [120] Microvast Inc., LG Chem[121] 
	Electric vehicles, power tools, grid energy storage 
	2008 
	good specific energy and specific power density 

	Lithium Manganese Oxide ("LMO", LiMn2O4) 
	LG Chem,[122] NEC, Samsung,[49] Hitachi,[123] Nissan/AESC,[124] EnerDel[125] 
	Hybrid electric vehicle, cell phone, laptop 
	1996 
	

	Lithium Iron Phosphate ("LFP", LiFePO4)
	University of Texas/Hydro-Québec,[126] Phostech Lithium Inc., Valence Technology, A123Systems/MIT[127]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-128" [128]
	Segway Personal Transporter, power tools, aviation products, automotive hybrid systems, PHEV conversions
	1996
	moderate density (2 A·h outputs 70 amperes) High safety compared to Cobalt / Manganese systems. Operating temperature >60 °C (140 °F) 

	Lithium Cobalt Oxide (LiCoO2) 
	Sony first commercial production[59]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-Gold_Peak-89" [89] 
	broad use 
	1991 
	High specific energy 

	Lithium Nickel Cobalt Aluminum Oxide ("NCA", LiNiCoAlO2) 
	Panasonic,[121] Saft Groupe S.A.[129] 
	Electric vehicles 
	1999 
	High specific energy, good life span 


Negative electrode[edit]
Negative electrode materials are generally constructed from graphite and other carbon materials. These materials are used because they are abundant and are electrically conducting and can intercalate lithium ions to store electrical charge with modest volume expansion (ca. 10%).[130] The reason that graphite is the dominant material is because of its low voltage and excellent performance. Various materials have been introduced but their voltage is high leading to a low energy density.[131] Low voltage of material is the key requirement; otherwise, the excess capacity is useless in terms of energy density. 

	Negative electrode 

	Technology
	Density
	Durability
	Company
	Target application
	Date
	Comments 

	Graphite 
	
	
	Targray 
	The dominant negative electrode material used in lithium ion batteries. 
	1991 
	Low cost and good energy density. Graphite anodes can accommodate one lithium atom for every six carbon atoms. Charging rate is governed by the shape of the long, thin graphene sheets. While charging, the lithium ions must travel to the outer edges of the graphene sheet before coming to rest (intercalating) between the sheets. The circuitous route takes so long that they encounter congestion around those edges.[132] 

	Lithium Titanate ("LTO", Li4Ti5O12)
	
	
	Toshiba, Altairnano
	automotive (Phoenix Motorcars), electrical grid (PJM Interconnection Regional Transmission Organization control area,[133] United States Department of Defense[134]), bus (Proterra)
	2008
	output, charging time, durability (safety, operating temperature −50–70 °C (−58–158 °F))[135] 

	Hard Carbon 
	
	
	Energ2[136] 
	Home electronics 
	2013 
	greater storage capacity 

	Tin/Cobalt Alloy 
	
	
	Sony 
	Consumer electronics (Sony Nexelion battery) 
	2005 
	Larger capacity than a cell with graphite (3.5Ah 18650-type battery) 

	Silicon/Carbon 
	Volumetric: 580 W·h/l 
	
	Amprius[137] 
	Smartphones, providing 5000 mA·h capacity 
	2013
	Uses < 10wt% Silicon nanowires combined with graphite and binders. Energy density: ~74 mAh/g. 

Another approach used carbon-coated 15 nm thick crystal silicon flakes. The tested half-cell achieved 1.2 Ah/g over 800 cycles.[138] 


Anode research[edit]
Main article: Research in lithium-ion batteries § Anode
Silicon is beginning to be looked at as an anode material because it can accommodate significantly more lithium ions, storing up to 10 times the electric charge, however this alloying between lithium and silicon results in significant volume expansion (ca. 400%),[130] which causes catastrophic failure for the battery.[139] Silicon has been used as an anode material but the insertion and extraction of Li + {\displaystyle {\ce {\scriptstyle Li+}}} [image: image53]can create cracks in the material. These cracks expose the Si surface to an electrolyte, causing decomposition and the formation of a solid electrolyte interphase (SEI) on the new Si surface (crumpled graphene encapsulated Si nanoparticles). This SEI will continue to grow thicker, deplete the available Li + {\displaystyle {\ce {\scriptstyle Li+}}} [image: image54], and degrade the capacity and cycling stability of the anode. 

There have been attempts using various Si nanostructures that include nanowires, nanotubes, hollow spheres, nanoparticles, and nanoporous with the goal of them withstanding the (Li + {\displaystyle {\ce {\scriptstyle Li+}}} [image: image55])-insertion/removal without significant cracking. Yet the formation of SEI on Si still occurs. So a coating would be logical, in order to account for any increase in the volume of the Si, a tight surface coating is not viable. In 2012 researchers from Northwestern University created an approach to encapsulate Si nanoparticles using crumpled r-GO, graphene oxide. This method allows for protection of the Si nanoparticles from the electrolyte as well as allow for the expansion of Si without expansion due to the wrinkles and creases in the graphene balls.[140] 

These capsules began as an aqueous dispersion of GO and Si particles, and are then nebulized into a mist of droplets that pass through a tube furnace. As they pass through the liquid evaporates, the GO sheets are pulled into a crumpled ball by capillary forces and encapsulate Si particles with them. There is a galvanostatic charge/discharge profile of 0.05 mA / cm 2 {\displaystyle {\ce {\scriptstyle mA/cm^{2}}}} [image: image56]to 1 mA / cm 2 {\displaystyle {\ce {\scriptstyle mA/cm^{2}}}} [image: image57]for current densities 0.2 to 4 A/g, delivering 1200 mAh/g at 0.2 A/g.[140] 

Diffusion[edit]
The ions in the electrolyte diffuse because there are small changes in the electrolyte concentration. Linear diffusion is only considered here. The change in concentration, c, as a function of time t and distance x, is 

∂ c ∂ t = − D ε ∂ 2 c ∂ x 2 {\displaystyle {\frac {\partial c}{\partial t}}=-{\frac {D}{\varepsilon }}{\frac {\partial ^{2}c}{\partial x^{2}}}} [image: image58]
The negative sign indicates the ions are flowing from high concentration to low concentration. In this equation, D is the diffusion coefficient for the lithium ion. It has a value of 7.5 × 10−10 m/s in the LiPF
6 electrolyte. The value for ε, the porosity of the electrolyte, is 0.724.[141] 

Uses[edit]
Li-ion batteries provide lightweight, high energy density power sources for a variety of devices. To power larger devices, such as electric cars, connecting many small batteries in a parallel circuit is more effective[142] and more efficient than connecting a single large battery.[143] Such devices include: 

· Portable devices: these include mobile phones and smartphones, laptops and tablets, digital cameras and camcorders, electronic cigarettes, handheld game consoles and torches (flashlights).

· Power tools: Li-ion batteries are used in tools such as cordless drills, sanders, saws and a variety of garden equipment including whipper-snippers and hedge trimmers.

· Electric vehicles: including electric cars,[144] hybrid vehicles, electric bicycles, personal transporters and advanced electric wheelchairs. Also radio-controlled models, model aircraft, aircraft,[145]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-146" [146]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-147" [147] and the Mars Curiosity rover.

Li-ion batteries are used in telecommunications applications. Secondary non-aqueous lithium batteries provide reliable backup power to load equipment located in a network environment of a typical telecommunications service provider. Li-ion batteries compliant with specific technical criteria are recommended for deployment in the Outside Plant (OSP) at locations such as Controlled Environmental Vaults (CEVs), Electronic Equipment Enclosures (EEEs), and huts, and in uncontrolled structures such as cabinets. In such applications, li-ion battery users require detailed, battery-specific hazardous material information, plus appropriate fire-fighting procedures, to meet regulatory requirements and to protect employees and surrounding equipment.[148] 

Self-discharge[edit]



A lithium-ion battery from a laptop computer (176 kJ)
Batteries gradually self-discharge even if not connected and delivering current. Li+ rechargeable batteries have a self-discharge rate typically stated by manufacturers to be 1.5-2% per month.[149]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-150" [150] 

The rate increases with temperature and state of charge. A 2004 study found that for most cycling conditions self-discharge was primarily time-dependent; however, after several months of stand on open circuit or float charge, state-of-charge dependent losses became significant. The self-discharge rate did not increase monotonically with state-of-charge, but dropped somewhat at intermediate states of charge.[151] Self-discharge rates may increase as batteries age.[152] In 1999, self-discharge per month was measured at 8% at 21 °C, 15% at 40 °C, 31% at 60 °C.[153] By 2007, monthly self-discharge rate was estimated at 2% to 3%,[154] and 2[7]-3% by 2016.[155] 

By comparison, the self-discharge rate for metal hydride (NiMH) batteries dropped, as of 2017, from up to 30% per month for previously common cells[156] to about 1.25% per month for low self-discharge NiMH batteries, and is about 10% per month in nickel-cadmium batteries.[citation needed] 

Battery life[edit]
Rechargeable battery life is typically defined as the number of full charge-discharge cycles before significant capacity loss. Inactive storage may also reduce capacity. 

Manufacturers' information typically specify lifespan in terms of the number of cycles (e.g., capacity dropping linearly to 80% over 500 cycles), with no mention of chronological age.[157] On average, lifetimes consist of 1000 cycles,[158] although battery performance is rarely specified for more than 500 cycles. This means that batteries of mobile phones, or other hand-held devices in daily use, are not expected to last longer than three years. Some batteries based on carbon anodes offer more than 10,000 cycles.[159] 

As a battery discharges, its voltage gradually diminishes. When depleted below the protection circuit's low-voltage threshold (2.4 to 2.9 V/cell, depending on chemistry) the circuit disconnects and stops discharging until recharged. As discharge progresses, metallic cell contents plate onto its internal structure, creating an unwanted discharge path.[citation needed] 

Defining battery life via full discharge cycles, is the industry standard, but may be biased, since full depth of discharge (DoD)/recharge may itself diminish battery life, compared to cumulative Ah partial discharge/charge performance. Projection from the standard to specific use patterns may require additional factors, e.g. DoD, rate of discharge, temperature, etc. 

Multiplying the battery life (at rated cycle depth) by the capacity gives a total energy delivered over the life of the battery. From this one can calculate the cost per kWh of the power (including the cost of charging). This value reveals that battery power is currently expensive compared to other power sources. 

Variability[edit]
A 2015 study by Andreas Gutsch of the Karlsruhe Institute of Technology found that lithium-ion battery lifespan could vary by a factor of five, with some Li-ion cells losing 30% of their capacity after 1,000 cycles, and others having better capacity after 5,000 cycles. The study also found that safety standards for some batteries were not met. For stationary energy storage it was estimated that batteries with lifespans of at least 3,000 cycles were needed for profitable operation.[citation needed] 

Degradation[edit]
Over their lifespan, batteries degrade progressively with reduced capacity, cycle life, and safety due to chemical changes to the electrodes. Capacity loss/fade is expressed as a percentage of initial capacity after a number of cycles (e.g., 30% loss after 1,000 cycles). Fade can be separated into calendar loss and cycling loss. Calendar loss results from the passage of time and is measured from the maximum state of charge. Cycling loss is due to usage and depends on both the maximum state of charge and the depth of discharge.[24] Increased rate of self-discharge can be an indicator of internal short-circuit.[160] 

Degradation is strongly temperature-dependent, with a minimal degradation around 25°C, i.e., increasing if stored or used at above or below 25 °C.[161] High charge levels and elevated temperatures (whether from charging or ambient air) hasten capacity loss.[162] Carbon anodes generate heat when in use. Batteries may be refrigerated to reduce temperature effects.[163][not in citation given] 

Pouch and cylindrical cell temperatures depend linearly on the discharge current.[164] Poor internal ventilation may increase temperatures. Loss rates vary by temperature: 6% loss at 0 °C (32 °F), 20% at 25 °C (77 °F), and 35% at 40 °C (104 °F).[citation needed] In contrast, the calendar life of LiFePO
4 cells is not affected by high charge states.[165]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-166" [166][not in citation given] 

The advent of the SEI layer improved performance, but increased vulnerability to thermal degradation. The layer is composed of electrolyte – carbonate reduction products that serve both as an ionic conductor and electronic insulator. It forms on both the anode and cathode and determines many performance parameters. Under typical conditions, such as room temperature and the absence of charge effects and contaminants, the layer reaches a fixed thickness after the first charge, allowing the device to operate for years. However, operation outside such parameters can degrade the device via several reactions.[24] 

Reactions[edit]
Five common exothermic degradation reactions can occur:[24] 

· Chemical reduction of the electrolyte by the anode.

· Thermal decomposition of the electrolyte.

· Chemical oxidation of the electrolyte by the cathode.

· Thermal decomposition by the cathode and anode.

· Internal short circuit by charge effects.

Anode[edit]
The SEI layer that forms on the anode is a mixture of lithium oxide, lithium fluoride and semicarbonates (e.g., lithium alkyl carbonates). 

At elevated temperatures, alkyl carbonates in the electrolyte decompose into insoluble Li
2CO
3 that increases film thickness, limiting anode efficiency. This increases cell impedance and reduces capacity.[161] Gases formed by electrolyte decomposition can increase the cell's internal pressure and are a potential safety issue in demanding environments such as mobile devices.[24] 

Below 25 °C, plating of metallic Lithium on the anodes and subsequent reaction with the electrolyte is leading to loss of cyclable Lithium.[161] 

Extended storage can trigger an incremental increase in film thickness and capacity loss.[24] 

Charging at greater than 4.2 V can initiate Li+ plating on the anode, producing irreversible capacity loss. The randomness of the metallic lithium embedded in the anode during intercalation results in dendrites formation. Over time the dendrites can accumulate and pierce the separator, causing a short circuit leading to heat, fire or explosion. This process is referred to as thermal runaway.[24] 

Discharging beyond 2 V can also result in capacity loss. The (copper) anode current collector can dissolve into the electrolyte. When charged, copper ions can reduce on the anode as metallic copper. Over time, copper dendrites can form and cause a short in the same manner as lithium.[24] 

High cycling rates and state of charge induces mechanical strain on the anode's graphite lattice. Mechanical strain caused by intercalation and de-intercalation creates fissures and splits of the graphite particles, changing their orientation. This orientation change results in capacity loss.[24] 

Electrolytes[edit]
Electrolyte degradation mechanisms include hydrolysis and thermal decomposition.[24] 

At concentrations as low as 10 ppm, water begins catalyzing a host of degradation products that can affect the electrolyte, anode and cathode.[24] LiPF
6 participates in an equilibrium reaction with LiF and PF
5. Under typical conditions, the equilibrium lies far to the left. However the presence of water generates substantial LiF, an insoluble, electrically insulating product. LiF binds to the anode surface, increasing film thickness.[24] 

LiPF
6 hydrolysis yields PF
5, a strong Lewis acid that reacts with electron-rich species, such as water. PF
5 reacts with water to form hydrofluoric acid (HF) and phosphorus oxyfluoride. Phosphorus oxyfluoride in turn reacts to form additional HF and difluorohydroxy phosphoric acid. HF converts the rigid SEI film into a fragile one. On the cathode, the carbonate solvent can then diffuse onto the cathode oxide over time, releasing heat and thermal runaway.[24] 

Decomposition of electrolyte salts and interactions between the salts and solvent start at as low as 70 C. Significant decomposition occurs at higher temperatures. At 85 C transesterification products, such as dimethyl-2,5-dioxahexane carboxylate (DMDOHC) are formed from EC reacting with DMC.[24] 

Cathode[edit]
Lithium cobalt oxide (LiCoO
2) is the most widely used cathode material. Lithium manganese oxide (LiMn2O
4) is a potential alternative because of its low cost and ease of preparation, but its relatively poor cycling and storage capabilities has prevented it from commercial acceptance.[24] 

Cathode degradation mechanisms include manganese dissolution, electrolyte oxidation and structural disorder.[24] 

In LiMnO
4 hydrofluoric acid catalyzes the loss of metallic manganese through disproportionation of trivalent manganese:[24] 

2Mn3+ → Mn2++ Mn4+
Material loss of the spinel results in capacity fade. Temperatures as low as 50 °C initiate Mn2+ deposition on the anode as metallic manganese with the same effects as lithium and copper plating.[161] Cycling over the theoretical max and min voltage plateaus destroys the crystal lattice via Jahn-Teller distortion, which occurs when Mn4+ is reduced to Mn3+ during discharge.[24] 

Storage of a battery charged to greater than 3.6 V initiates electrolyte oxidation by the cathode and induces SEI layer formation on the cathode. As with the anode, excessive SEI formation forms an insulator resulting in capacity fade and uneven current distribution.[24] 

Storage at less than 2 V results in the slow degradation of LiCoO
2 and LiMn
2O
4 cathodes, the release of oxygen and irreversible capacity loss.[24] 

Conditioning[edit]
The need to "condition" NiCd and NiMH batteries has leaked into folklore surrounding Li-ion batteries, but is unfounded. The recommendation for the older technologies is to leave the device plugged in for seven or eight hours, even if fully charged.[167] This may be a confusion of battery software calibration instructions with the "conditioning" instructions for NiCd and NiMH batteries.[168] 

Multicell devices[edit]
Li-ion batteries require a battery management system to prevent operation outside each cell's safe operating area (max-charge, min-charge, safe temperature range) and to balance cells to eliminate state of charge mismatches. This significantly improves battery efficiency and increases capacity. As the number of cells and load currents increase, the potential for mismatch increases. The two kinds of mismatch are state-of-charge (SOC) and capacity/energy ("C/E"). Though SOC is more common, each problem limits pack charge capacity (mA·h) to that of the weakest cell.[citation needed] 

Safety[edit]
See also: Plug-in electric vehicle fire incidents and Boeing 787 Dreamliner battery problems
If overheated or overcharged, Li-ion batteries may suffer thermal runaway and cell rupture.[169]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-Finegan:2015-170" [170] In extreme cases this can lead to leakage, explosion or fire. To reduce these risks, many lithium-ion cells (and battery packs) contain fail-safe circuitry that disconnects the battery when its voltage is outside the safe range of 3–4.2 V per cell.[89]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-WinterBrodd2004-156" [156] or when overcharged or discharged. Lithium battery packs, whether constructed by a vendor or the end-user, without effective battery management circuits are susceptible to these issues. Poorly designed or implemented battery management circuits also may cause problems; it is difficult to be certain that any particular battery management circuitry is properly implemented. Lithium-ion cells are susceptible to damage outside the allowed voltage range that is typically within (2.5 to 3.65) V for most LFP cells. Exceeding this voltage range, even by small voltages (millivolts) results in premature aging of the cells and, furthermore, results in safety risks due to the reactive components in the cells.[171] When stored for long periods the small current draw of the protection circuitry may drain the battery below its shutoff voltage; normal chargers may then be useless since the BMS may retain a record of this battery (or charger) 'failure'. Many types of lithium-ion cells cannot be charged safely below 0 °C.[172] 

Other safety features are required in each cell:[89] 

· Shut-down separator (for overheating)

· Tear-away tab (for internal pressure relief)

· Vent (pressure relief in case of severe outgassing)

· Thermal interrupt (overcurrent/overcharging/environmental exposure)

These features are required because the negative electrode produces heat during use, while the positive electrode may produce oxygen. However, these additional devices occupy space inside the cells, add points of failure, and may irreversibly disable the cell when activated. Further, these features increase costs compared to nickel metal hydride batteries, which require only a hydrogen/oxygen recombination device and a back-up pressure valve.[156] Contaminants inside the cells can defeat these safety devices. Also, these features can not be applied to all kinds of cells, e.g. prismatic high current cells cannot be equipped with a vent or thermal interrupt. High current cells must not produce excessive heat or oxygen, lest there be a failure, possibly violent. Instead, they must be equipped with internal thermal fuses which act before the anode and cathode reach their thermal limits. 

Short-circuiting a battery will cause the cell to overheat and possibly to catch fire. Adjacent cells may then overheat and fail, possibly causing the entire battery to ignite or rupture. In the event of a fire, the device may emit dense irritating smoke.[173] The fire energy content (electrical + chemical) of cobalt-oxide cells is about 100 to 150 kJ/(A·h), most of it chemical.[78][unreliable source?][174] 

Replacing the lithium cobalt oxide positive electrode material in lithium-ion batteries with a lithium metal phosphate such as lithium iron phosphate improves cycle counts, shelf life and safety, but lowers capacity. As of 2006 these 'safer' lithium-ion batteries were mainly used in electric cars and other large-capacity battery applications, where safety is critical.[175] 

Lithium-ion batteries, unlike rechargeable batteries with water-based electrolytes, have a potentially hazardous pressurised flammable liquid electrolyte, and require strict quality control during manufacture.[176] A faulty battery can cause a serious fire.[12] Faulty chargers can affect the safety of the battery because they can destroy the battery's protection circuit. While charging at temperatures below 0 °C, the negative electrode of the cells gets plated with pure lithium, which can compromise the safety of the whole pack. 

While fire is often serious, it may be catastrophically so. In about 2010 large lithium-ion batteries were introduced in place of other chemistries to power systems on some aircraft; as of January 2014[update] there had been at least four serious lithium-ion battery fires, or smoke, on the Boeing 787 passenger aircraft, introduced in 2011, which did not cause crashes but had the potential to do so.[177]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-178" [178] 

In addition, several aircraft crashes have been attributed to burning Li-Ion batteries. UPS Airlines Flight 6 crashed in Dubai after its payload of batteries spontaneously ignited, progressively destroying critical systems inside the aircraft which eventually rendered it uncontrollable. 

Environmental concerns and recycling[edit]
Since Li-ion batteries contain less of toxic metals than other types of batteries which may contain lead or cadmium[89] they are generally categorized as non-hazardous waste. Li-ion battery elements including iron, copper, nickel and cobalt are considered safe for incinerators and landfills. These metals can be recycled,[179]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-180" [180] but mining generally remains cheaper than recycling.[181] At present, not much is invested into recycling Li-ion batteries due to cost, complexity and low yield. The most expensive metal involved in the construction of the cell is cobalt, much of which is mined in Congo. Lithium iron phosphate is cheaper but has other drawbacks. Lithium is less expensive than other metals used, but recycling could prevent a future shortage.[179] The manufacturing processes of nickel and cobalt, and the solvent, present potential environmental and health hazards.[182]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-Environmental_Leader-183" [183] Manufacturing a kg of Li-ion battery takes energy equivalent to 1.6 kg of oil.[184]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-185" [185] 

Recalls[edit]
· In October 2004 Kyocera Wireless recalled approximately 1 million mobile phone batteries to identify counterfeits.[186]
· In December 2005 Dell recalled approximately 22,000 laptop computer batteries, and 4.1 million in August 2006.[187]
· In 2006 approximately 10 million Sony batteries used in Dell, Sony, Apple, Lenovo, Panasonic, Toshiba, Hitachi, Fujitsu and Sharp laptops were recalled. The batteries were found to be susceptible to internal contamination by metal particles during manufacture. Under some circumstances, these particles could pierce the separator, causing a dangerous short-circuit.[188]
· In March 2007 computer manufacturer Lenovo recalled approximately 205,000 batteries at risk of explosion.

· In August 2007 mobile phone manufacturer Nokia recalled over 46 million batteries at risk of overheating and exploding.[189] One such incident occurred in the Philippines involving a Nokia N91, which used the BL-5C battery.[190]
· In September 2016 Samsung recalled approximately 2.5 million Galaxy Note 7 phones after 35 confirmed fires.[17] The recall was due to a manufacturing design fault in Samsung's batteries which caused internal positive and negative poles to touch.[191]
Transport restrictions[edit]



Japan Airlines Boeing 787 lithium cobalt oxide battery that caught fire in 2013
IATA estimates that over a billion lithium cells are flown each year.[174] 

The maximum size of each battery (whether installed in a device or as spare batteries) that can be carried is one that has an equivalent lithium content (ELC) not exceeding 8 grammes per battery. Except, that if only one or two batteries are carried, each may have an ELC of not more than 25 grammes each.[192] The ELC for any battery is found by multiplying the ampere-hour capacity of each cell by 0.3 and then multiplying the result by the number of cells in the battery.[192] The resultant calculated lithium content is not the actual lithium content but a theoretical figure solely for transportation purposes. When shipping lithium ion batteries however, if the total lithium content in the cell exceeds 1.5 g, the package must be marked as "Class 9 miscellaneous hazardous material". 

Although devices containing lithium-ion batteries may be transported in checked baggage, spare batteries may be only transported in carry-on baggage.[192] They must be protected against short circuiting, and example tips are provided in the transport regulations on safe packaging and carriage; e.g., such batteries should be in their original protective packaging or, "by taping over the exposed terminals or placing each battery in a separate plastic bag or protective pouch".[192]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-193" [193] These restriction do not apply to a lithium-ion battery that is a part of a wheelchair or mobility aid (including any spare batteries) to which a separate set of rules and regulations apply.[192] 

Some postal administrations restrict air shipping (including EMS) of lithium and lithium-ion batteries, either separately or installed in equipment. Such restrictions apply in Hong Kong,[194] Australia and Japan.[195] Other postal administrations, such as the United Kingdom's Royal Mail may permit limited carriage of batteries or cells that are operative but totally prohibit handling of known defective ones, which is likely to prove of significance to those discovering faulty such items bought through mail-order channels.[196] The IATA provides details in its Lithium Battery Guidance document which the Royal Mail makes available. 

On 16 May 2012, the United States Postal Service (USPS) banned shipping anything containing a lithium battery to an overseas address, after fires from transport of batteries.[197] This restriction made it difficult to send anything containing lithium batteries to military personnel overseas, as the USPS was the only method of shipment to these addresses; the ban was lifted on 15 November 2012.[198] United Airlines and Delta Air Lines excluded lithium-ion batteries in 2015 after an FAA report on chain reactions.[199]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-200" [200]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-201" [201] 

The Boeing 787 Dreamliner uses large lithium cobalt oxide[202] batteries, which are more reactive than newer types of batteries such as LiFePO
4.[203]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-Schweber-13" [13] 

Starting on 15 January 2018, several major U.S. airlines banned smart luggage with non-removable batteries from being checked in to travel in the cargo hold due to the risk of fire.[204] Some airlines continued to mistakenly prevent passengers from bringing smart luggage as a carry on after the ban went into effect.[205] 

Several smart luggage companies have been forced to shut down as a result of the ban.[206] 

Research[edit]
Main article: Research in lithium-ion batteries
Researchers are actively working to improve the power density, safety, cycle durability (battery life), recharge time, cost, flexibility, and other characteristics, as well as research methods and uses, of these batteries. 

· Researchers at IBM India have come up with an experimental power supply using lithium-ion cells from discarded laptop battery packs for use in unelectrified regions in developing nations.[207]
· In November 2016, Yasunaga, a Japanese battery manufacturer, revealed that they had developed a special positive electrode surface treatment which would allow the battery to have more than twelve times the cycle life of conventional lithium-ion batteries. Batteries were tested to 60,000 to 102,400 cycles before falling to 70% of the original new capacity, compared to the conventional battery that would only do 5000 to 6000 cycles. This technology also showed 12% reduction in cell resistance. Yasunaga also commented that the life is expected to be even longer when the same technology is applied to negative electrodes.[208]
· In March 2017, American Lithium Energy in California revealed plans for mass marketing of its branded Safe Core technology that was developed for use by the US Department of Defense, Department of Energy and national research labs. The technology was initially devoted to vehicle batteries that would not catch fire if damaged in a crash and led to bullet-safe batteries for troops. "What we did was put a fuse inside the cell, so when something is wrong inside, our fuse will kick in and break the current [before it reaches a critical temperature] and then the battery will be safe," said Jiang Fan, PhD, founder and chief technology officer for the company. Fan also provided a useful perspective on lithium-ion development. "As people try to put more energy into the cell, they end up making compromises. Each one is just a little compromise in terms of safety, but it makes the whole system less robust. So the level of manufacturing defects (the battery) can withstand is lower."[209]

 HYPERLINK "https://en.wikipedia.org/wiki/Lithium-ion_battery" \l "cite_note-210" [210]
· In September 2017, researchers at the University of Maryland and the Army Research Laboratory developed an aqueous lithium-ion battery that not only remained electrochemically stable across a 4 volt threshold but could also withstand severe external damage and exposure to salt water without the danger of lithium-ion battery fires typically associated with non-aqueous lithium batteries

Lithium-ion Cells

As with most batteries you have an outer case made of metal. The use of metal is particularly important here because the battery is pressurized. This metal case has some kind of pressure-sensitive vent hole. If the battery ever gets so hot that it risks exploding from over-pressure, this vent will release the extra pressure. The battery will probably be useless afterwards, so this is something to avoid. The vent is strictly there as a safety measure. So is the Positive Temperature Coefficient (PTC) switch, a device that is supposed to keep the battery from overheating.
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 INCLUDEPICTURE "https://r.hswstatic.com/w_285/gif/lithium-ion-battery-5.jpg" \* MERGEFORMATINET [image: image62.jpg]Cylindrical lithiumvion battery




"<img src="https://r.hswstatic.com/w_285/gif/lithium-ion-battery-5.jpg" width="285" alt="" border="0">" 

This metal case holds a long spiral comprising three thin sheets pressed together:

· A Positive electrode
· A Negative electrode
· A separator
Inside the case these sheets are submerged in an organic solvent that acts as the electrolyte. Ether is one common solvent.

The separator is a very thin sheet of microperforated plastic. As the name implies, it separates the positive and negative electrodes while allowing ions to pass through.

The positive electrode is made of Lithium cobalt oxide, or LiCoO2. The negative electrode is made of carbon. When the battery charges, ions of lithium move through the electrolyte from the positive electrode to the negative electrode and attach to the carbon. During discharge, the lithium ions move back to the LiCoO2 from the carbon.
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What is the voltage of a lithium cell?

Batteries with a lithium iron phosphate positive and graphite negative electrodes have a nominal open-circuit voltage of 3.2 V and a typical charging voltage of 3.6 V. Lithium nickel manganese cobalt (NMC) oxide positives with graphite negatives have a 3.7 V nominal voltage with a 4.2 V maximum while charging

Li-ion cells have a ____________ internal resistance approx 0.150 ohms  high
The graphs demonstrate the importance of maintaining low internal resistance, especially at higher discharge currents. The NiCd test battery comes in at 155mΩ, NiMH has 778mΩ and Li-ion has 320mΩ. These are typical resistive readings on aged but still functional batteries.Feb 8, 2017

Li-ion cells have an energy density of ___________ Wh/Kg (watt-hour/ kilogram

Energy density‎: ‎250–693 W·h/‎L‎ (0.90–2.43 MJ/L)1`
Shelf Discharge:

Shelf discharge is extremely ____________ at 6 % per month; consequently, they can sit on a shelf for ____________

Self-discharge is a phenomenon in batteries in which internal chemical reactions reduce the stored charge of the battery without any connection between the electrodes. ... In case of Li-Ion batteries you have minimal self-discharge, situation is much worse with Ni-Cd and Ni-MH.

If the voltage of a lithium-ion cell drops below a certain level, it's ruined. Lithium-ion batteries age. They only last two to three years, even if they are sitting on a shelf unused. So do not "avoid using" the battery with the thought that the battery pack will last five years.c

Charging:

Li-ion cannot tolerate ____________ and hence should not be ____________ charged.

Therefore, Li-ion requires a special charger to supply ____________ current and

constant voltage. Cells can be charged / discharged about 750 Times.

Heat /Over/Constant

Learn what causes Li-ion to fail and what to do in case of fire.

Safety of lithium-based batteries has attracted much media and legal attention. Any energy storage device carries a risk, as demonstrated in the 1800s when steam engines exploded and people got hurt. Carrying highly flammable gasoline in cars was a hot topic in the early 1900s. All batteries carry a safety risk, and battery makers are obligated to meet safety requirements; less reputable firms are knowns to make shortcuts and it’s “buyer beware!”

Lithium-ion is safe but with millions of consumers using batteries, failures are bound to happen. In 2006, a one-in-200,000 breakdown triggered a recall of almost six million lithium-ion packs. Sony, the maker of the lithium-ion cells in question, points out that on rare occasion microscopic metal particles may come into contact with other parts of the battery cell, leading to a short circuit within the cell.

Battery manufacturers strive to minimize the presence of metallic particles. The semiconductor industry has spent billions of dollars to find ways in reducing particles that reduce the yield in wafers. Advanced cleanrooms are Class 10 in which 10,000 particles larger than 0.1µm per cubic meter are present (ISO 4 under ISO 14644 and ISO 14698). In spite of this high cleanliness, particle defects still occur in semiconductor wafers. Class 10 reduces the particles count but does not fully eliminate them.

Battery manufacturers may use less stringently controlled cleanrooms than the semiconductor industry. While a non-functioning semiconductor simply ends up in the garbage bin, a compromised Li-ion can make its way into the workforce undetected and deteriorate without knowing. Resulting failures are especially critical with the thinning of the separators to increase the specific energy.

Cells with ultra-thin separators of 24µm or less (24-thousandth of an mm) are more susceptible to impurities than the older designs with lower Ah ratings. Whereas the 1,350mAh cell in the 18650 package could tolerate a nail penetration test, the high-density 3,400mAh can ignite when performing the same test. (See BU-306: What is the Function of the Separator?) New safety standards direct how batteries are used, and the UL1642 Underwriters Laboratories (UL) test no longer mandates nail penetration for safety acceptance of lithium-based batteries.

Li-ion using conventional metal oxides is nearing its theoretical limit on specific energy. Rather than optimizing capacity, battery makers are improving manufacturing methods to enhance safety and increase calendar life. The real problem lies when on rare occasions an electrical short develops inside the cell. The external protection peripherals are ineffective to stop a thermal runaway once in progress. The batteries recalled in 2006 had passed the UL safety requirements — yet they failed under normal use with appropriate protection circuits.

There are two basic types of battery failures. One occurs at a predictable interval-per-million and is connected with a design flaw involving the electrode, separator, electrolyte or processes. These defects often involve a recall to correct a discovered flaw. The more difficult failures are random events that do not point to a design flaw. It may be a stress event like charging at sub-freezing temperature, vibration, or a fluke incident that is comparable to being hit by a meteor.  

Let’s examine the inner workings of the cell more closely. A mild short will only cause elevated self-discharge and the heat buildup is minimal because the discharging power is very low. If enough microscopic metallic particles converge on one spot, a sizable current begins to flow between the electrodes of the cell, and the spot heats up and weakens. As a small water leak in a faulty hydro dam can develop into a torrent and take a structure down, so too can heat buildup damage the insulation layer in a cell and cause an electrical short. The temperature can quickly reach 500(C (932(F), at which point the cell catches fire or it explodes. This thermal runaway that occurs is known as “venting with flame.” “Rapid disassembly” is the preferred term by the battery industry.

Uneven separators can also trigger cell failure. Poor conductivity due to dry areas increases the resistance, which can generate local heat spots that weaken the integrity of the separator. Heat is always an enemy of the battery.

Most major Li-ion cell manufacturer x-ray every single cell as part of automated quality control. Software examines anomalies such as bent tabs or crushed jelly rolls. This is the reason why Li-ion batteries are so safe today, but such careful manufacturing practices may only be offered with recognized brands.
 

Why Batteries Fail

Quality lithium-ion batteries are safe if used as intended. However, a high number of heat and fire failures had been reported in consumer products that use non-certified batteries, and the hoverboard is an example. This may have been solved with the use of certified Li-ion on most current models. A UL official at a meeting in the Washington, D.C. area said that no new incident of overheating or fire had been reported since Li-ion in hoverboards was certified. Fires originating in the Samsung Galaxy Note 7 were due to a manufacturing defect that had been solved. The main-ship battery in the Boeing 787 Dreamliner also had defects that were resolved.

Incorrect uses of all batteries are excessive vibration, elevated heat and charging Li-ion below freezing. (See BU-410: Charging at High and Low Temperature.) Li-ion and lead acid batteries cannot be fully discharged and must be stored with a remaining charge. While nickel-based batteries can be stored in a fully discharged state with no apparent side effect, Li-ion must not dip below 2V/cell for any length of time. Copper shunts form inside the cells that can lead to elevated self-discharge or a partial electrical short. If recharged, the cells might become unstable, causing excessive heat or showing other anomalies.

Heat combined with a full charge is said to induce more stress to Li-ion than regular cycling. Keep the battery and a device away from sun exposure and store in a cool place at a partial charge. Exceeding the recommended charge current by ultra-fast changing also harms Li-ion. Nickel-cadmium is the only chemistry that accepts ultra-fast charging with minimal stress. (See BU-401a: Fast and Ultra-fast Chargers.)

Li-ion batteries that have been exposed to stresses may function normally but they become more sensitive to mechanical abuse. The liability for a failed battery goes to the manufacturer even if the fault may have been caused by improper use and handling. This worries the battery manufacturers and they go the extra mile to make their products safe. Treat the battery as if it were a living organism by preventing excess stress. 

With more than a billion mobile phones and computers used in the world every day, the number of accidents is small. By comparison, the National Oceanic and Atmospheric Administration say that your chance of being struck by lightning in the course of a lifetime is about 1 in 13,000. Lithium-ion batteries have a failure rate that is less than one in a million. The failure rate of a quality Li-ion cell is better than 1 in 10 million.

Industrial batteries, such as those used for power tools, are generally more rugged than those in consumer products. Besides solid construction, power tool batteries are maximized for power delivery and less on energy for long runtimes. Power Cells have a lower Ah rating than Energy Cells and are in general more tolerant and safer if abused.
 

What to Do When a Battery Overheats

If a Li-ion battery overheats, hisses or bulges, immediately move the device away from flammable materials and place it on a non-combustible surface. If at all possible, remove the battery and put it outdoors to burn out. Simply disconnecting the battery from charge may not stop its destructive path.

A small Li-ion fire can be handled like any other combustible fire. For best result use a foam extinguisher, CO2, ABC dry chemical, powdered graphite, copper powder or soda (sodium carbonate). If the fire occurs in an airplane cabin, the FAA instructs flight attendants to use water or soda pop. Water-based products are most readily available and are appropriate since Li-ion contains very little lithium metal that reacts with water. Water also cools the adjacent area and prevents the fire from spreading. Research laboratories and factories also use water to extinguish Li-ion battery fires. Halon is also used as fire suppressant, but this agent may not be sufficient to extinguish a large Li-ion fire in the cargo bay of an aircraft.

A large Li-ion fire, such as in an EV, may need to burn out as water is ineffective. Water with copper material can be used, but this may not be available and is costly for fire halls.

When encountering a fire with a lithium-metal battery, only use a Class D fire extinguisher. Lithium-metal contains plenty of lithium that reacts with water and makes the fire worse. As the number of EVs grows, so must the methods to extinguish such fires.
 

	CAUTION
	Do not use a Class D fire extinguisher to put out other types of fires; make certain regular extinguishers are also available. With all battery fires, allow ample ventilation while the battery burns itself out.



During a thermal runaway, the high heat of the failing cell inside a battery pack may propagate to the next cells, causing them to become thermally unstable also. A chain reaction can occur in which each cell disintegrates on its own timetable. A pack can thus be destroyed in a few seconds or over several hours as each cell is being consumed. To increase safety, packs should include dividers to protect the failing cell from spreading to the neighboring one. Figure 1 shows a laptop that was damaged by a faulty Li-ion battery.
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	Figure 1: Li-ion battery suspected to have destroyed the laptop.
The owner says the laptop popped, hissed, sizzled and began filling the room with smoke.

Source: Shmuel De-Leon



The gas released by a venting Li-ion cell is mainly carbon dioxide (CO2). Other gases that form through heating are vaporized electrolyte consisting of hydrogen fluoride (HF) from 20–200mg/Wh, and phosphoryl fluoride (POF3) from 15–22mg/Wh. Burning gases also include combustion products and organic solvents.

The knowledge on the toxicity of burning electrolyte is limited and toxicity can be higher than with regular combustibles. Ventilate the room and vacate area if smoke and gases are present. Gas and smoke in a confined area such as an aircraft, submarine and mine shaft will present a potential health risk.

While lithium-based batteries are heavily studied for safety, nickel- and lead-based batteries also cause fires and are being recalled. The reasons are faulty separators resulting from aging, rough handling, excessive vibration and high-temperature. Lithium-ion batteries have become very safe and heat-related failures occur rarely when used correctly.


Definition

Hydrogen fluoride (HF) is a colorless gas or liquid substance. It is the principal source of fluorine, a feedstock for pharmaceuticals, polymers (Teflon) and assisting petrochemical industries. Hydrogen fluoride is a highly dangerous gas, forming corrosive and penetrating hydrofluoric acid with moisture. In large quantities, gas can cause blindness by destruction of the corneas.

Phosphoryl fluoride (POF3) is a colorless gas that hydrolyzes rapidly.

Lithium hexafluorophosphate (LiPF6) is an inorganic compound in the form of white crystalline powder serving as electrolyte in Li-ion batteries.

 

Simple Guidelines for Using Lithium-ion Batteries

· A failing Li-ion begins to hiss, bulge and leak electrolyte.

· The electrolyte consists of lithium salt in an organic solvent (lithium hexafluorophosphate) and is highly flammable. Burning electrolyte can ignite combustible material in close proximity.

· Dowse Li-ion fire with water or use a regular fire extinguisher. Only use a Class D fire extinguisher for lithium-metal fires because of the reaction of water with lithium. (Li-ion contains little lithium metal reacting with water.) 

· If a Class D extinguisher is not available, douse a lithium-metal fire with water to prevent the fire from spreading.

· For best results dowsing a Li-ion fire, use a foam extinguisher, CO2, ABC dry chemical, powdered graphite, copper powder or soda (sodium carbonate) as you would extinguish other combustible fires. Reserve the Class D extinguishers for lithium-metal fires only.

· If the fire of a burning lithium-ion battery cannot be extinguished, allow the pack to burn in a controlled and safe way.

· Be aware of cell propagation as each cell might be consumed on its own time table when hot. Place a seemingly burned-out pack outside for a time.

LEAD ACID BATTERIES

As the name suggests, the construction of the cell is based on –

• electrodes of ____________________; and an

• electrolyte of ____________________________ and water

Lead/ Sulpuric

There are various types of lead acid batteries which include, ____________ (wet),

____________ and _______________________________ (AGM).

What are the different types of lead acid batteries?
Several types of sealed lead acid have emerged and the most common are gel, also known as valve-regulated lead acid (VRLA), and absorbent glass mat (AGM). The gel cell contains a silica type gel that suspends the electrolyte in a paste.

The most common is the ‘flooded’ type; which has a liquid electrolyte that requires a

frequent top up with ____________ water as a result of gassing during the recharge

cycle.

distilled or deionized water
Lead - Acid cell voltage is ____________ volts,

• Lead - Acid cells have an energy density of _______ Wh/Kg (watt-hour/ kilogram).
Lead Acid. The nominal voltage of lead acid is 2 volts per cell, however when measuring the open circuit voltage, the OCV of a charged and rested battery should be 2.1V/cell.

Energy density‎: ‎60–110 Wh/‎L
From Wikipedia, the free encyclopedia
Jump to navigation

 HYPERLINK "https://en.wikipedia.org/wiki/Rechargeable_battery" \l "p-search" Jump to search



A battery bank used for an uninterruptible power supply in a data center




A rechargeable lithium polymer mobile phone battery




A common consumer battery charger for rechargeable AA and AAA batteries

A rechargeable battery, storage battery, secondary cell, or accumulator is a type of electrical battery which can be charged, discharged into a load, and recharged many times, as opposed to a disposable or primary battery, which is supplied fully charged and discarded after use. It is composed of one or more electrochemical cells. The term "accumulator" is used as it accumulates and stores energy through a reversible electrochemical reaction. Rechargeable batteries are produced in many different shapes and sizes, ranging from button cells to megawatt systems connected to stabilize an electrical distribution network. Several different combinations of electrode materials and electrolytes are used, including lead–acid, nickel–cadmium (NiCd), nickel–metal hydride (NiMH), lithium-ion (Li-ion), and lithium-ion polymer (Li-ion polymer). 

Rechargeable batteries typically initially cost more than disposable batteries, but have a much lower total cost of ownership and environmental impact, as they can be recharged inexpensively many times before they need replacing. Some rechargeable battery types are available in the same sizes and voltages as disposable types, and can be used interchangeably with them. 
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Applications[edit]



Cylindrical cell (18650) prior to assembly. Several thousand of them (lithium ion) form the Tesla Model S battery (see Gigafactory).




Lithium ion battery monitoring electronics (over- and discharge protection)

Devices which use rechargeable batteries include automobile starters, portable consumer devices, light vehicles (such as motorized wheelchairs, golf carts, electric bicycles, and electric forklifts), tools, uninterruptible power supplies, and battery storage power stations. Emerging applications in hybrid internal combustion-battery and electric vehicles drive the technology to reduce cost, weight, and size, and increase lifetime.[1] 

Older rechargeable batteries self-discharge relatively rapidly, and require charging before first use; some newer low self-discharge NiMH batteries hold their charge for many months, and are typically sold factory-charged to about 70% of their rated capacity. 

Battery storage power stations use rechargeable batteries for load-leveling (storing electric energy at times of low demand for use during peak periods) and for renewable energy uses (such as storing power generated from photovoltaic arrays during the day to be used at night). Load-leveling reduces the maximum power which a plant must be able to generate, reducing capital cost and the need for peaking power plants. 

The US National Electrical Manufacturers Association estimated in 2006 that US demand for rechargeable batteries was growing twice as fast as demand for disposables.[2] 

Small rechargeable batteries can power portable electronic devices, power tools, appliances, and so on. Heavy-duty batteries power electric vehicles, ranging from scooters to locomotives and ships. They are used in distributed electricity generation and in stand-alone power systems. 

Charging and discharging[edit]



A solar-powered charger for rechargeable AA batteries

Further information: Battery charger
During charging, the positive active material is oxidized, producing electrons, and the negative material is reduced, consuming electrons. These electrons constitute the current flow in the external circuit. The electrolyte may serve as a simple buffer for internal ion flow between the electrodes, as in lithium-ion and nickel-cadmium cells, or it may be an active participant in the electrochemical reaction, as in lead–acid cells. 

The energy used to charge rechargeable batteries usually comes from a battery charger using AC mains electricity, although some are equipped to use a vehicle's 12-volt DC power outlet. The voltage of the source must be higher than that of the battery to force current to flow into it, but not too much higher or the battery may be damaged. 

Chargers take from a few minutes to several hours to charge a battery. Slow "dumb" chargers without voltage or temperature-sensing capabilities will charge at a low rate, typically taking 14 hours or more to reach a full charge. Rapid chargers can typically charge cells in two to five hours, depending on the model, with the fastest taking as little as fifteen minutes. Fast chargers must have multiple ways of detecting when a cell reaches full charge (change in terminal voltage, temperature, etc.) to stop charging before harmful overcharging or overheating occurs. The fastest chargers often incorporate cooling fans to keep the cells from overheating. Battery packs intended for rapid charging may include a temperature sensor that the charger uses to protect the pack; the sensor will have one or more additional electrical contacts. 

Different battery chemistries require different charging schemes. For example, some battery types can be safely recharged from a constant voltage source. Other types need to be charged with a regulated current source that tapers as the battery reaches fully charged voltage. Charging a battery incorrectly can damage a battery; in extreme cases, batteries can overheat, catch fire, or explosively vent their contents. 




Diagram of the charging of a secondary cell or battery.

Rate of discharge[edit]
Main article: Battery (electricity) § C rate
Battery charging and discharging rates are often discussed by referencing a "C" rate of current. The C rate is that which would theoretically fully charge or discharge the battery in one hour. For example, trickle charging might be performed at C/20 (or a "20 hour" rate), while typical charging and discharging may occur at C/2 (two hours for full capacity). The available capacity of electrochemical cells varies depending on the discharge rate. Some energy is lost in the internal resistance of cell components (plates, electrolyte, interconnections), and the rate of discharge is limited by the speed at which chemicals in the cell can move about. For lead-acid cells, the relationship between time and discharge rate is described by Peukert's law; a lead-acid cell that can no longer sustain a usable terminal voltage at a high current may still have usable capacity, if discharged at a much lower rate. Data sheets for rechargeable cells often list the discharge capacity on 8-hour or 20-hour or other stated time; cells for uninterruptible power supply systems may be rated at 15 minute discharge. 

The terminal voltage of the battery is not constant during charging and discharging. Some types have relatively constant voltage during discharge over much of their capacity. Non-rechargeable alkaline and zinc–carbon cells output 1.5V when new, but this voltage drops with use. Most NiMH AA and AAA cells are rated at 1.2 V, but have a flatter discharge curve than alkalines and can usually be used in equipment designed to use alkaline batteries. 

Battery manufacturers' technical notes often refer to voltage per cell (VPC) for the individual cells that make up the battery. For example, to charge a 12 V lead-acid battery (containing 6 cells of 2 V each) at 2.3 VPC requires a voltage of 13.8 V across the battery's terminals. 

Damage from cell reversal[edit]
Subjecting a discharged cell to a current in the direction which tends to discharge it further to the point the positive and negative terminals switch polarity causes a condition called cell reversal. Generally, pushing current through a discharged cell in this way causes undesirable and irreversible chemical reactions to occur, resulting in permanent damage to the cell. Cell reversal can occur under a number of circumstances, the two most common being: 

· When a battery or cell is connected to a charging circuit the wrong way around.

· When a battery made of several cells connected in series is deeply discharged.

In the latter case, the problem occurs due to the different cells in a battery having slightly different capacities. When one cell reaches discharge level ahead of the rest, the remaining cells will force the current through the discharged cell. 

Many battery-operated devices have a low-voltage cutoff that prevents deep discharges from occurring that might cause cell reversal. A smart battery has voltage monitoring circuitry built inside. 

Cell reversal can occur to a weakly charged cell even before it is fully discharged. If the battery drain current is high enough, the cell's internal resistance can create a resistive voltage drop that is greater than the cell's forward emf. This results in the reversal of the cell's polarity while the current is flowing.[3]

 HYPERLINK "https://en.wikipedia.org/wiki/Rechargeable_battery" \l "cite_note-4" [4] The higher the required discharge rate of a battery, the better matched the cells should be, both in the type of cell and state of charge, in order to reduce the chances of cell reversal. 

In some situations, such as when correcting NiCd batteries that have been previously overcharged,[5] it may be desirable to fully discharge a battery. To avoid damage from the cell reversal effect, it is necessary to access each cell separately: each cell is individually discharged by connecting a load clip across the terminals of each cell, thereby avoiding cell reversal. 

Damage during storage in fully discharged state[edit]
If a multi-cell battery is fully discharged, it will often be damaged due to the cell reversal effect mentioned above. It is possible however to fully discharge a battery without causing cell reversal—either by discharging each cell separately, or by allowing each cell's internal leakage to dissipate its charge over time. 

Even if a cell is brought to a fully discharged state without reversal, however, damage may occur over time simply due to remaining in the discharged state. An example of this is the sulfation that occurs in lead-acid batteries that are left sitting on a shelf for long periods. For this reason it is often recommended to charge a battery that is intended to remain in storage, and to maintain its charge level by periodically recharging it. Since damage may also occur if the battery is overcharged, the optimal level of charge during storage is typically around 30% to 70%. 

Depth of discharge[edit]
Main article: Depth of discharge
Depth of discharge (DOD) is normally stated as a percentage of the nominal ampere-hour capacity; 0% DOD means no discharge. As the usable capacity of a battery system depends on the rate of discharge and the allowable voltage at the end of discharge, the depth of discharge must be qualified to show the way it is to be measured. Due to variations during manufacture and aging, the DOD for complete discharge can change over time or number of charge cycles. Generally a rechargeable battery system will tolerate more charge/discharge cycles if the DOD is lower on each cycle.[6] 

Lifespan and cycle stability[edit]
If batteries are used repeatedly even without mistreatment, they lose capacity as the number of charge cycles increases, until they are eventually considered to have reached the end of their useful life. Different battery systems have differing mechanisms for wearing out. For example, in lead-acid batteries, not all the active material is restored to the plates on each charge/discharge cycle; eventually enough material is lost that the battery capacity is reduced. In lithium-ion types, especially on deep discharge, some reactive lithium metal can be formed on charging, which is no longer available to participate in the next discharge cycle. Sealed batteries may lose moisture from their liquid electrolyte, especially if overcharged or operated at high temperature. This reduces the cycling life. 

Recharging time[edit]
	


	This section needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced material may be challenged and removed. (September 2017) (Learn how and when to remove this template message)





BYD e6 taxi. Recharging in 15 Minutes to 80 percent

Recharging time is an important parameter to the user of a product powered by rechargeable batteries. Even if the charging power supply provides enough power to operate the device as well as recharge the battery, the device is attached to an external power supply during the charging time. For electric vehicles used industrially, charging during off-shifts may be acceptable. For highway electric vehicles, fast charging is necessary to approach the speed of refueling of an internal combustion vehicle. 

A rechargeable battery cannot be recharged at an arbitrarily high rate. The internal resistance of the battery will produce heat, and excessive temperature rise will damage or destroy a battery. For some types, the maximum charging rate will be limited by the speed at which active material can diffuse through a liquid electrolyte. High charging rates may produce excess gas in a battery, or may result in damaging side reactions that permanenly lower the battery capacity. Very roughly, and with many exceptions and details, restoring a battery's full capacity in one hour or less is considered fast charging. A battery charger system will include more complex control-circuit- and charging strategies for fast charging, than for a charger designed for slower recharging. 

Active components[edit]
The active components in a secondary cell are the chemicals that make up the positive and negative active materials, and the electrolyte. The positive and negative are made up of different materials, with the positive exhibiting a reduction potential and the negative having an oxidation potential. The sum of these potentials is the standard cell potential or voltage. 

In primary cells the positive and negative electrodes are known as the cathode and anode, respectively. Although this convention is sometimes carried through to rechargeable systems—especially with lithium-ion cells, because of their origins in primary lithium cells—this practice can lead to confusion. In rechargeable cells the positive electrode is the cathode on discharge and the anode on charge, and vice versa for the negative electrode. 

Types[edit]
See also: List of battery types and Comparison of commercial battery types
The lead–acid battery, invented in 1859 by French physicist Gaston Planté, is the oldest type of rechargeable battery. Despite having a very low energy-to-weight ratio and a low energy-to-volume ratio, its ability to supply high surge currents means that the cells have a relatively large power-to-weight ratio. These features, along with the low cost, makes it attractive for use in motor vehicles to provide the high current required by automobile starter motors. 

The nickel–cadmium battery (NiCd) was invented by Waldemar Jungner of Sweden in 1899. It uses nickel oxide hydroxide and metallic cadmium as electrodes. Cadmium is a toxic element, and was banned for most uses by the European Union in 2004. Nickel–cadmium batteries have been almost completely superseded by nickel–metal hydride (NiMH) batteries. 

The nickel–metal hydride battery (NiMH) became available in 1989.[7] These are now a common consumer and industrial type. The battery has a hydrogen-absorbing alloy for the negative electrode instead of cadmium. 

The lithium-ion battery was introduced in the market in 1991, is the choice in most consumer electronics, having the best energy density and a very slow loss of charge when not in use. It does have drawbacks too, particularly the risk of unexpected ignition from the heat generated by the battery.[8] Such incidents are rare and according to experts, they can be minimized "via appropriate design, installation, procedures and layers of safeguards" so the risk is acceptable.[9] 

Lithium-ion polymer batteries (LiPo) are light in weight, offer slightly higher energy density than Li-ion at slightly higher cost, and can be made in any shape. They are available[10] but have not displaced Li-ion in the market.[11] A primary use is for LiPo batteries is in powering remote-controlled cars, boats and airplanes. LiPo packs are readily available on the consumer market, in various configurations, up to 44.4v, for powering certain R/C vehicles and helicopters or drones.[12]

 HYPERLINK "https://en.wikipedia.org/wiki/Rechargeable_battery" \l "cite_note-13" [13] Some test reports warn of the risk of fire when the batteries are not used in accordance with the instructions.[14] Independent reviews of the technology discuss the risk of fire and explosion from Lithium-ion batteries under certain conditions because they use liquid electrolytes.[15] 

Other experimental types[edit]
	Type 
	Voltagea 
	Energy densityb 
	Powerc 
	E/$e 
	Self-disch.f 
	Charge Efficiency 
	Cyclesg 
	Lifeh 

	
	(V) 
	(MJ/kg) 
	(Wh/kg) 
	(Wh/L) 
	(W/kg) 
	(Wh/$) 
	(%/month) 
	(%) 
	(#) 
	(years) 

	Lithium sulfur[16] 
	2.0 
	0.94-1.44[17] 
	400[18] 
	350 
	
	
	
	
	~1400[19] 
	

	Sodium-ion[20] 
	3.6 
	
	
	30 
	
	3.3 
	
	
	5000+ 
	Testing 

	Thin film lithium 
	? 
	
	300[21] 
	959[21] 
	6000[21] 
	?p[21] 
	
	
	40000[21] 
	

	Zinc-bromide 
	1.8 
	0.27-0.31 
	75-85 
	
	
	
	
	
	
	

	Zinc-cerium 
	2.5[22] 
	
	
	
	
	
	
	
	
	Under testing 

	Vanadium redox 
	1.15-1.55 
	0.09-0.13 
	25-35[23] 
	
	
	
	20%[24] 
	
	14,000[25] 
	10 (stationary)[24] 

	Sodium-sulfur 
	
	0.54 
	150 
	
	
	
	
	89–92% 
	2500—4500 
	

	Molten salt 
	2.58 
	0.25-1.04 
	70-290[26] 
	160[27] 
	150-220 
	4.54[28] 
	
	
	3000+ 
	<=20 

	Silver-zinc 
	1.86 
	0.47 
	130 
	240 
	
	
	
	
	
	

	Quantum Battery (oxide semiconductor)[29]

 HYPERLINK "https://en.wikipedia.org/wiki/Rechargeable_battery" \l "cite_note-30" [30] 
	1.5-3 
	
	
	500 
	8000(W/L) 
	
	
	
	100,000 
	


‡ citations are needed for these parameters 
Notes

· a Nominal cell voltage in V.

· b Energy density = energy/weight or energy/size, given in three different units

· c Specific power = power/weight in W/kg

· e Energy/consumer price in W·h/US$ (approximately)

· f Self-discharge rate in %/month

· g Cycle durability in number of cycles

· h Time durability in years

· i VRLA or recombinant includes gel batteries and absorbed glass mats
· p Pilot production

The lithium–sulfur battery was developed by Sion Power in 1994.[31] The company claims superior energy density to other lithium technologies.[32] 

The thin film battery (TFB) is a refinement of lithium ion technology by Excellatron.[33] The developers claim a large increase in recharge cycles to around 40,000 and higher charge and discharge rates, at least 5 C charge rate. Sustained 60 C discharge and 1000C peak discharge rate and a significant increase in specific energy, and energy density.[34] 

UltraBattery, a hybrid lead-acid battery and ultracapacitor invented by Australia’s national science organisation CSIRO, exhibits tens of thousands of partial state of charge cycles and has outperformed traditional lead-acid, lithium and NiMH-based cells when compared in testing in this mode against variability management power profiles.[35] UltraBattery has kW and MW-scale installations in place in Australia, Japan and the U.S.A. It has also been subjected to extensive testing in hybrid electric vehicles and has been shown to last more than 100,000 vehicle miles in on-road commercial testing in a courier vehicle. The technology is claimed to have a lifetime of 7 to 10 times that of conventional lead-acid batteries in high rate partial state-of-charge use, with safety and environmental benefits claimed over competitors like lithium-ion. Its manufacturer suggests an almost 100% recycling rate is already in place for the product. 

The potassium-ion battery delivers around a million cycles, due to the extraordinary electrochemical stability of potassium insertion/extraction materials such as Prussian blue.[36] 

The sodium-ion battery is meant for stationary storage and competes with lead–acid batteries. It aims at a low total cost of ownership per kWh of storage. This is achieved by a long and stable lifetime. The effective number of cycles is above 5000 and the battery is not damaged by deep discharge. The energy density is rather low, somewhat lower than lead–acid.[citation needed] 

Alternatives[edit]
A rechargeable battery is only one of several types of rechargeable energy storage systems.[37] Several alternatives to rechargeable batteries exist or are under development. For uses such as portable radios, rechargeable batteries may be replaced by clockwork mechanisms which are wound up by hand, driving dynamos, although this system may be used to charge a battery rather than to operate the radio directly. Flashlights may be driven by a dynamo directly. For transportation, uninterruptible power supply systems and laboratories, flywheel energy storage systems store energy in a spinning rotor for conversion to electric power when needed; such systems may be used to provide large pulses of power that would otherwise be objectionable on a common electrical grid. 

Ultracapacitors—capacitors of extremely high value— are also used; an electric screwdriver which charges in 90 seconds and will drive about half as many screws as a device using a rechargeable battery was introduced in 2007,[38] and similar flashlights have been produced. In keeping with the concept of ultracapacitors, betavoltaic batteries may be utilized as a method of providing a trickle-charge to a secondary battery, greatly extending the life and energy capacity of the battery system being employed; this type of arrangement is often referred to as a "hybrid betavoltaic power source" by those in the industry.[39] 

Ultracapacitors are being developed for transportation, using a large capacitor to store energy instead of the rechargeable battery banks used in hybrid vehicles. One drawback of capacitors compared to batteries is that the terminal voltage drops rapidly; a capacitor that has 25% of its initial energy left in it will have one-half of its initial voltage. By contrast, battery systems tend to have a terminal voltage that does not decline rapidly until nearly exhausted. The undesirable characteristic complicates the design of power electronics for use with ultracapacitors. However, there are potential benefits in cycle efficiency, lifetime, and weight compared with rechargeable systems. China started using ultracapacitors on two commercial bus routes in 2006; one of them is route 11 in Shanghai.[40] 

Flow batteries, used for specialized applications, are recharged by replacing the electrolyte liquid. A flow battery can be considered to be a type of rechargeable fuel cell. 

Are batteries affected by temperature?

Nominal battery performance is usually specified for working temperatures somewhere between 20°C and 30°C. The performance and indeed life of a battery can be seriously affected by the onset of extreme temperatures and, despite many consumer beliefs, heat is as big a cause of battery failure as is cold.Oct 1, 2010

How Temperature Can Affect Your Battery - CTEK Battery Chargers
https://smartercharger.com/2010/10/how-temperature-can-affect-your-battery/
Search for: Are batteries affected by temperature?
What temperature does a lead acid battery freeze?

At a 40% state of charge, electrolyte will freeze if the temperature drops to approximately -16 degrees F. When a battery is fully charged the electrolyte will not freeze until the temperature drops to approximately -92 degrees F.

Battery Basics - Progressive Dynamics
https://www.progressivedyn.com/service/battery-basics/
Search for: What temperature does a lead acid battery freeze?
What is the optimal temperature for recharging a battery?

The recommended charge rate at low temperature is 0.3C, which is almost identical to normal conditions. At a comfortable temperature of 20°C (68°F), gassing starts at charge voltage of 2.415V/cell. When going to –20°C (0°F), the gassing threshold rises to 2.97V/cell.Sep 15, 2017

An instrument called a _______________________ is used to test the electrolyte, see

figure 10.
Hydrometer
The scale indicates the density of the electrolyte in one of three ways:

• ________________________________ - Is the ratio of the mass of a volume of

electrolyte to the mass of an equal volume of water. Stating the specific gravity of an

electrolyte is 1.25, means the density of this electrolyte is 1.25 times that of water.

• ________________________________ - This term refers to the density of the

electrolyte relative to that of water; just as specific gravity does. If the specific gravity

is 1.225, then the relative density is also 1.225.

• ________________________________- Standards publications refer to the density

of the electrolyte in SI units (i.e. kilograms per cubic metre). Any actual value of

specific gravity (SG) or relative density (RD) is multiplied by 1000 to obtain the

density of the electrolyte. For example, if the SG (or RD) is 1.220, then the density is

1220 kg/m3.

Relative density/ Specific gravity/ National Institute of Standards
As a general guide the figure –

• 1250 gives an indication of a _________________________ cell in good

condition; and

• 1180 an indication of a ______________________ cell.
Fully charged/ Discharged

An alternative method of determining cell condition is to measure the _____________

_______________while the cell is on ____________.

Voltage/ Discharging

dye exclusion
How to Measure State-of-charge

Explore SoC measurements and why they are not accurate.
Voltage Method

Measuring state-of-charge by voltage is simple, but it can be inaccurate because cell materials and temperature affect the voltage. The most blatant error of the voltage-based SoC occurs when disturbing a battery with a charge or discharge. The resulting agitation distorts the voltage and it no longer represents a correct SoC reference. To get accurate readings, the battery needs to rest in the open circuit state for at least four hours; battery manufacturers recommend 24 hours for lead acid. This makes the voltage-based SoC method impractical for a battery in active duty.

Each battery chemistry delivers its own unique discharge signature. While voltage-based SoC works reasonably well for a lead acid battery that has rested, the flat discharge curve of nickel- and lithium-based batteries renders the voltage method impracticable.

The discharge voltage curves of Li-manganese, Li-phosphate and NMC are very flat, and 80 percent of the stored energy remains in the flat voltage profile. While this characteristic is desirable as an energy source, it presents a challenge for voltage-based fuel gauging as it only indicates full charge and low charge; the important middle section cannot be estimated accurately. Figure 1 reveals the flat voltage profile of Li-phosphate (LiFePO) batteries.
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Figure 1: Discharge voltage of lithium iron phosphate.
Li-phosphate has a very flat discharge profile, making voltage estimations for SoC estimation difficult.
 

Lead acid comes with different plate compositions that must be considered when measuring SoC by voltage. Calcium, an additive that makes the battery maintenance-free, raises the voltage by 5–8 percent. In addition, heat raises the voltage while cold causes a decrease. Surface charge further fools SoC estimations by showing an elevated voltage immediately after charge; a brief discharge before measurement counteracts the error. Finally, AGM batteries produce a slightly higher voltage than the flooded equivalent.

When measuring SoC by open circuit voltage (OCV), the battery voltage must be “floating” with no load attached. This is not the case with modern vehicles. Parasitic loads for housekeeping functions puts the battery into a quasi-closed circuit voltage (CCV) condition.

In spite of inaccuracies, most SoC measurements rely in part or completely on voltage because of simplicity. Voltage-based SoC is popular in wheelchairs, scooters and golf cars. Some innovative BMS (battery management systems) use the rest periods to adjust the SoC readings as part of a “learn” function.  Figure 2 illustrates the voltage band of a 12V lead acid monoblock from fully discharged to full charged.
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	Figure 2: Voltage band of a 12V lead acid monoblock from fully discharged to fully charged. 

Source: Power-Sonic



Hydrometer

The hydrometer offers an alternative to measuring SoC of flooded lead acid batteries. Here is how it works: When the lead acid battery accepts charge, the sulfuric acid gets heavier, causing the specific gravity (SG) to increase. As the SoC decreases through discharge, the sulfuric acid removes itself from the electrolyte and binds to the plate, forming lead sulfate. The density of the electrolyte becomes lighter and more water-like, and the specific gravity gets lower. Table 2 provides the BCI readings of starter batteries.
 

	Approximate
state-of-charge
	Average
specific gravity
	Open circuit voltage

	
	
	2V
	6V
	8V
	12V

	100%
	1.265
	2.10
	6.32
	8.43
	12.65

	75%
	1.225
	2.08
	6.22
	8.30
	12.45

	50%
	1.190
	2.04
	6.12
	8.16
	12.24

	25%
	1.155
	2.01
	6.03
	8.04
	12.06

	0%
	1.120
	1.98
	5.95
	7.72
	11.89


Table 2: BCI standard for SoC estimation of a starter battery with antimony.
Readings are taken at 26°C (78°F) after a 24h rest. 
 

While BCI (Battery Council International) specifies the specific gravity of a fully charged starter battery at 1.265, battery manufacturers may go for 1.280 and higher. Increasing the specific gravity will move the SoC readings upwards on the look-up table. A higher SG will improve battery performance but shorten battery life because of increased corrosion activity.

Besides charge level and acid density, a low fluid level will also change the SG. When water evaporates, the SG reading rises because of higher concentration. The battery can also be overfilled, which lowers the number. When adding water, allow time for mixing before taking the SG measurement.

Specific gravity varies with battery applications. Deep-cycle batteries use a dense electrolyte with an SG of up to 1.330 to get maximum specific energy; aviation batteries have an SG of about 1.285; traction batteries for forklifts are typically at 1.280; starter batteries come in at 1.265; and stationary batteries have a low specific gravity of 1.225. This reduces corrosion and prolongs life but it decreases the specific energy, or capacity.

Nothing in the battery world is absolute. The specific gravity of fully charged deep-cycle batteries of the same model can range from 1.270 to 1.305; fully discharged, these batteries may vary between 1.097 and 1.201. Temperature is another variable that alters the specific gravity reading. The colder the temperature drops, the higher (more dense) the SG value becomes. Table 3 illustrates the SG gravity of a deep-cycle battery at various temperatures.
 

	Electrolyte temperature
	Gravity at full charge
	Table 3: Relationship of specific gravity and temperature of deep-cycle battery.

Colder temperatures provide higher specific gravity readings.

	40°C
	104°F
	1.266
	

	30°C
	86°F
	1.273
	

	20°C
	68°F
	1.280
	

	10°C
	50°F
	1.287
	

	0°C
	32°F
	1.294
	



Inaccuracies in SG readings can also occur if the battery has stratified, meaning the concentration is light on top and heavy on the bottom. (See BU-804c: Water Loss, Acid Stratification and Surface Charge.). High acid concentration artificially raises the open circuit voltage, which can fool SoC estimations through false SG and voltage indication. The electrolyte needs to stabilize after charge and discharge before taking the SG reading.


Coulomb Counting

Laptops, medical equipment and other professional portable devices use coulomb counting to estimate SoC by measuring the in-and-out-flowing current. Ampere-second (As) is used for both charge and discharge. The name “coulomb” was given in honor of Charles-Augustin de Coulomb (1736–1806) who is best known for developing Coulomb’s law. (See BU-601: How does a Smart Battery Work?)

While this is an elegant solution to a challenging issue, losses reduce the total energy delivered, and what’s available at the end is always less than what had been put in. In spite of this, coulomb counting works well, especially with Li-ion that offer high coulombinc efficiency and low self-discharge. Improvements have been made by also taking aging and temperature-based self-discharge into consideration but periodic calibration is still recommended to bring the “digital battery” in harmony with the “chemical battery.” (See BU-603: How to Calibrate a “Smart” Battery)

To overcome calibration, modern fuel gauges use a “learn” function that estimates how much energy the battery delivered on the previous discharge. Some systems also observe the charge time because a faded battery charges more quickly than a good one.

Makers of advanced BMS claim high accuracies but real life often shows otherwise. Much of the make-believe is hidden behind a fancy readout. Smartphones may show a 100 percent charge when the battery is only 90 percent charged. Design engineers say that the SoC readings on new EV batteries can be off by 15 percent. There are reported cases where EV drivers ran out of charge with a 25 percent SoC reading still on the fuel gauge.


Impedance Spectroscopy

Battery state-of-charge can also be estimated with impedance spectroscopy using the Spectro™ complex modeling method. This allows taking SoC readings with a steady parasitic load of 30A. Voltage polarization and surface charge do not affect the reading as SoC is measured independently of voltage. This opens applications in automotive manufacturing where some batteries are discharged longer than others during testing and debugging and need charging before transit. Measuring SoC by impedance spectroscopy can also be used for load leveling systems where a battery is continuously under charge and discharge.

Measuring SoC independently of voltage also supports dock arrivals and showrooms. Opening the car door applies a parasitic load of about 20A that agitates the battery and falsifies voltage-based SoC measurement. The Spectro™ method helps to identify a low-charge battery from one with a genuine defect. 

SoC measurement by impedance spectroscopy is restricted to a new battery with a known good capacity; capacity must be nailed down and have a non-varying value. While SoC readings are possible with a steady load, the battery cannot be on charge during the test.

Figure 4 demonstrates the test results of impedance spectroscopy after a parasitic load of 50A is removed from the battery. As expected, the open terminal voltage rises as part of recovery but the Spectro™ readings remains stable. Steady SoC results are also observed after removing charge during when the voltage normalizes as part of polarization.
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	Figure 4: Relationship of voltage and measurements taken by impedance spectroscopy after removing a load.
Battery is recovering after removing a load. Spectro SoC readings remain stable as the voltage rises


Cell capacity is measured in __________________________.
Ampere Hour

AH = I x t

              Ahout
ηAh = ----------------------------------

              Ahin

How does Rising Internal Resistance affect Performance? 

Understanding the importance of low conductivity

Capacity alone is of limited use if the pack cannot deliver the stored energy effectively; a battery also needs low internal resistance. Measured in milliohms (mΩ), resistance is the gatekeeper of the battery; the lower the resistance, the less restriction the pack encounters. This is especially important in heavy loads such as power tools and electric powertrains. High resistance causes the battery to heat up and the voltage to drop under load, triggering an early shutdown. Figure 1 illustrates a battery with low internal resistance in the form of a free-flowing tap against a battery with elevated resistance in which the tap is restricted.
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Low resistance, delivers high current on demand; battery stays cool.
	[image: image82.png]




High resistance, current is restricted, voltage drops on load; battery heats up.
	Figure 1: Effects of internal battery resistance.
A battery with low internal resistance delivers high current on demand. High resistance causes the battery to heat up and the voltage to drop. The equipment cuts off, leaving energy behind.

Courtesy of Cadex

 


Lead acid has a very low internal resistance and the battery responds well to high current bursts that last for a few seconds. Due to inherent sluggishness, however, lead acid does not perform well on a sustained high current discharge; the battery soon gets tired and needs a rest to recover. Some sluggishness is apparent in all batteries at different degrees but it is especially pronounced with lead acid. This hints that power delivery is not based on internal resistance alone but also on the responsiveness of the chemistry, as well as temperature. In this respect, nickel- and lithium-based technologies are more responsive than lead acid.

Sulfation and grid corrosion are the main contributors to the rise of the internal resistance with lead acid. Temperature also affects the resistance; heat lowers it and cold raises it. Heating the battery will momentarily lower the internal resistance to provide extra runtime. This, however, does not restore the battery and will add momentary stress.

Crystalline formation, also known as “memory,” contributes to the internal resistance in nickel-based batteries. This can often be reversed with deep-cycling. The internal resistance of Li-ion also increases with use and aging but improvements have been made with electrolyte additives to keep the buildup of films on the electrodes under control. ( See BU-808b: What causes Li-ion to Die? ) With all batteries, SoC affects the internal resistance. Li-ion has higher resistance at full charge and at end of discharge with a big flat low resistance area in the middle.

Alkaline, carbon-zinc and most primary batteries have a relatively high internal resistance, and this limits their use to low-current applications such as flashlights, remote controls, portable entertainment devices and kitchen clocks. As these batteries deplete, the resistance increases further. This explains the relative short runtime when using ordinary alkaline cells in digital cameras.

Two methods are used to read the internal resistance of a battery: Direct current (DC) by measuring the voltage drop at a given current, and alternating current (AC), which takes reactance into account. When measuring a reactive device such as a battery, the resistance values vary greatly between the DC and AC test methods, but neither reading is right or wrong. The DC reading looks at pure resistance (R) and provides true results for a DC load such as a heating element. The AC reading includes reactive components and provides impedance (Z). Impedance provides realistic results on a digital load such as a mobile phone or an inductive motor. ( See BU-902: How to Measure Internal Resistance )

The internal resistance of a battery does not consist of the cells alone but also includes the interconnection, fuses, protection circuits and wiring. In most cases these peripherals more than double the internal resistance and can falsify rapid-test methods. Typical readings of a single cell pack for a mobile phone and a multi-cell battery for a power tool are shown below.


Internal Resistance of a Mobile Phone Battery
	Cell, single, high capacity prismatic
	50mΩ
	subject to increase with age

	Connection, welded
	1mΩ
	 

	PTC, welded to cable, cell
	25mΩ
	18–30 mΩ according to spec

	Protection circuit, PCB
	50mΩ
	 

	Total internal resistance
	ca. 130mΩ
	 




Internal Resistance of a Power Pack for Power Tools
	Cells 2P4S at 2Ah/cell,
	18mΩ
	subject to increase with age

	Connection, welded, each
	0.1mΩ
	 

	Protection circuit, PCB
	10mΩ
	 

	Total internal resistance
	ca. 80mΩ
	 


Source: Siemens AG (2015, München)


Figures 2, 3 and 4 reflect the runtime of three batteries with similar Ah and capacities but different internal resistance when discharged at 1C, 2C and 3C. The graphs demonstrate the importance of maintaining low internal resistance, especially at higher discharge currents. The NiCd test battery comes in at 155mΩ, NiMH has 778mΩ and Li-ion has 320mΩ. These are typical resistive readings on aged but still functional batteries. (See  BU-208: Cycling Performance ) that demonstrates the relationship of capacity, internal resistance and self-discharge.)
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Figure 2: GSM discharge pulses at 1, 2, and 3C with resulting talk-time
The capacity of the NiCd battery is 113%; the internal resistance is 155mΩ. 7.2V pack.
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Figure 3: GSM discharge pulses at 1, 2, and 3C with resulting talk-time
The capacity of the NiMH battery is 94%, the internal resistance is 778mΩ. 7.2V pack
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Figure 4: GSM discharge pulses at 1, 2, and 3C with resulting talk-time
The capacity of the Li-ion battery is 107%; the internal resistance is 320mΩ. 3.6V pack

All three figures courtesy of Cadex

 

Notes:   The tests were done when early mobile phones were powered by NiCd, NiMH and Li-ion. Li-ion and NiMH have since improved. 

The maximum GSM draws is 2.5A, representing 3C from an 800mAh pack, or three times the rated current.

Last updated 2017-02-08

 

*** Please Read Regarding Comments ***

Comments are intended for "commenting," an open discussion amongst site visitors. Battery University monitors the comments and understands the importance of expressing perspectives and opinions in a shared forum. However, all communication must be done with the use of appropriate language and the avoidance of spam and discrimination.

If you have a suggestion or would like to report an error, please use the "contact us" form or email us at: BatteryU@cadex.com.  We like to hear from you but we cannot answer all inquiries. We recommend posting your question in the comment sections for the Battery University Group (BUG) to share
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