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Зачем вообще нужны 
накопители энергии?

Транспортировка энергии
• портативные устройства 
• транспорт



Баланс выработки/потребления

• при неравномерной 
выработке – например, 
альтернативные источники 
энергии

• при неравномерном 
потреблении – например, 
атомные электростанции



Накопители энергии

3.5 кВт⋅ч / кг
+ n O2 = m CO2 + p H2O + Q



Накопители энергии

10 – 12 кВт⋅ч / кг
+ n O2 = m CO2 + p H2O + Q



Накопите ли?

 ~ 10 – 100 млн. лет ~ 10 – 100 лет



“Нехимические” 
накопители энергии

Хранилища 
сжатого воздуха

Гидроаккумуляторы

Маховики
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План
• Что такое электрохимические накопители? Их основные 
характеристики 

• От свинцово-кислотных к литий-ионным аккумуляторам 

• Новые поколения металл-ионных аккумуляторов 

• Пост-литий-ионные технологии: литий-сера и литий-
воздух 

• Проточные батареи (redox flow batteries) 

• Суперконденсаторы





A + B = AB

2 Advanced Batteries

If A and B are simple elements, this is called a formation reaction, and since
the standard Gibbs free energy of formation of elements is zero, the value of the
Gibbs free energy change that results per mol of the reaction is simply the Gibbs
free energy of formation per mol of AB, that is:

∆Gr
◦ = ∆G f

◦(AB) (1.3)

Values of this parameter for many materials can be found in a number of
sources [1–3].

While the morphology of such a reaction can take a number of forms, consider
a simple 1-dimensional case in which the reactants are placed in direct contact and
the product phase AB forms between them. The time sequence of the evolution of
the microstructure during such a reaction is shown schematically in Fig. 1.1.

It is obvious that for the reaction product phase AB to grow, either A or B must
move (diffuse) through it, to come into contact with the other reactant on the other
side. If, for example, A moves through the AB phase to the B side, additional AB will
form at the AB/B interface. Since some B is consumed, the AB/B interface will move
to the right. As the amount of A on the A side has decreased, the A/AB interface will
likewise move to the left. AB will grow in width in the middle. The action will be
the same when species B, rather than species A, moves through the AB phase in this
process. There are experimental methods to determine the identity of the moving
species, but that is not relevant here.

A B

A

A

A AB

B

B

B

AB

AB

Fig. 1.1 Simple schematic model of chemical reaction of A and B to form AB, indicating how the
microstructure of the system varies with time

Chapter 1
Introductory Material

1.1 Introduction

As mentioned in the Preface, electrochemical storage of energy involves the conver-
sion, or transduction, of chemical energy into electrical energy, and vice versa. This
is accomplished by the use of electrochemical cells, commonly known as batteries.

To understand how this works, it is first necessary to consider the driving forces
that cause electrochemical transduction to occur in electrochemical cells and the
major types of reaction mechanisms that can occur. These matters are discussed in
this chapter.

This is followed by a brief description of the important practical parameters that
are used to describe the behavior of electrochemical cells. How the basic properties
of such electrochemical systems can be modeled through the use of simple equiva-
lent electrical circuits is then shown.

The next chapter discusses the principles that determine the major properties of
electrochemical cells, their voltages and capacities.

1.2 Simple Chemical and Electrochemical Reactions

First consider a simple chemical reaction between two metallic materials A and B,
which react to form an electronically conducting product AB. This can be repre-
sented simply by the relation

A+B = AB (1.1)

The driving force for this reaction is the difference in the values of the standard
Gibbs free energy of the products - AB in this case, and the standard Gibbs free
energies of the reactants, A and B.

∆Gr
◦ = ∑∆G f

◦(products)−∑∆G f
◦(reactants) (1.2)

R.A. Huggins, Advanced Batteries: Materials Science Aspects, 1
c⃝ Springer Science+Business Media, LLC 2009
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In case this process occurs by an electrochemical mechanism, the time depen-
dence of the microstructure is illustrated schematically in Fig. 1.2. Like the chemical
reaction case, product AB must form as the result of a reaction between the reactants
A and B; but an additional phase is present in the system- an electrolyte.

The function of the electrolyte is to act as a filter for the passage of ionic, but not
electronic species. The electrolyte must contain ions of either A or B, or both, and
be an electronic insulator.

The reaction between A and B involves not just ions but electrically neutral
atoms. Hence for the reaction to proceed there must be another path whereby elec-
trons can also move through the system. This is typically an external electrical
circuit connecting A and B. If A is transported in the system, and the electrolyte
contains A+ ions, negatively charged electrons, e−, must pass through the external
circuit in equal numbers, or at an equal rate, to match the charge flux due to the
passage of A+ ions through the electrolyte to the other side.

For an electrochemical discharge reaction of the type illustrated in Fig. 1.2 the
reaction at the interface between the phase A and the electrolyte can be written as

ElectrolyteA B

A BABElectrolyte

BElectrolyte

BABElectrolyte

ABElectrolyte

A

A

AB

Electronic Path

Fig. 1.2 Simple schematic model of time evolution of the microstructure during the electrochemi-
cal reaction of A and B to form AB, a mixed conductor. In this case it is assumed that A+ ions are
the predominant ionic species in the electrolyte. To simplify the figure, the external electronic path
is shown only at the start of the reaction

4 Advanced Batteries

A = A+ + e− (1.4)

with A+ ions moving into the electrolyte phase and electrons entering the external
circuit through a current collector. There will be a corresponding reaction on the
other side of the electrolyte,

A+ + e− = A (1.5)

with ions arriving at the interface from the electrolyte and electrons from the exter-
nal circuit through the electronic current collector. This results in the deposition A
atoms onto the adjacent solid phase AB. The A/electrolyte interface and the elec-
trolyte/AB interface move incrementally to the left in Fig. 1.2. Interdiffusion of A
and B atoms within the phase AB is necessary to ensure that its surface does not
have only A atoms. In addition, this phase must be an electronic conductor.

Important consequences follow from the fact that the overall reaction is between
neutral species which requires concurrent motion of either A or B ions through the
electrolyte and electrons through external circuit. 1) If flow in either the electronic
path or the ionic path does not occur, the entire reaction stalls. 2) If the external
electrical circuit is opened and no electrons can flow through it, no ions can flow
through the electrolyte, halting the reaction. 3) If flow of ions in the electrolyte is
impeded - by presence of some material with very high resistance to the moving
ionic species, or a loss of contact between the electrolyte and the two materials on
its sides, there will be no electronic current in the external circuit.

When the electronic circuit is open, and there is no current flowing, there must
be a force balance operating upon the electrically charged ions in the electrolyte.
A chemical driving force upon the mobile ionic species within the electrolyte in
one direction is simply balanced by an electrostatic driving force in the opposite
direction.

The chemical driving force across the cell is due to the difference in the chemical
potentials of its two electrodes. It can be expressed as the standard Gibbs free energy
change per mol of reaction, ∆Gr

◦. This is determined by the difference between the
standard Gibbs free energies of formation of products and reactants in the virtual
chemical reaction that would occur if the electrically neutral materials in the two
electrodes were to react chemically. It makes no difference that the reaction actually
happens by the transport of ions and electrons across the electrochemical system
from one electrode to the other.

The electrostatic energy per mol of an electrically charged species is –zFE, where
E is the voltage between the electrodes, and z the charge number of the mobile ionic
species involved in the virtual reaction. The charge number is the number of elemen-
tary charges that they transport. F is the Faraday constant (96,500 Coulombs per
equivalent). An equivalent is Avogadro’s number (one mol) of electronic charges.

The balance between the chemical and electrical forces upon the ions under open
circuit conditions can hence be simply expressed as an energy balance

∆Gr
◦ = −zFE (1.6)

The value of ∆Gr
◦ is in Joules per mol of reaction; 1 Joule is the product of one

Coulomb and one Volt.

Advanced batteries, ed. by R.Huggins, 2009
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Химические источники тока

“накопители” “преобразователи”

• Батарейки
• первичные 

(гальванические элементы) 
• вторичные 

(аккумуляторы) 
• проточные батареи 

• Суперконденсаторы

• топливные элементы



Энергоэффективность 
электрических систем
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4 Electric Vehicle Technology Explained

Vehicle with a range of about 50 km

Vehicle with a range of about 500 km

Engine and gearbox with an
efficiency of 20%

Shaft energy obtained
is 7200 Wh

Electric motor and drive system
with overall efficiency of 90%

Shaft energy obtained
is 7200 Wh

Shaft energy obtained
is 72 000 Wh

Electric motor and drive system
with overall efficiency of 90%

Tank containing 4 kg
(4.5 litres) of fuel with
a calorific value of 36 000 Wh

Tank containing 40 kg
(45 litres) of fuel with
a calorific value of 360 000 Wh

Lead acid battery with
a mass of 270 kg, volume
135 litres, and energy 8100 Wh

Engine and gearbox with an
efficiency of 20%

Shaft energy obtained
is 72 000 Wh

Lead acid battery with a mass of 2700 kg,
volume 1350 litres, and
energy 81 000 Wh

Figure 1.3 Comparison of energy from petrol and lead acid battery

For example, the 2.7 tonnes of lead acid batteries which give the same effective energy
storage as 45 litres (10 UK gallons) of petrol would cost around £8000 at today’s prices.
The batteries also have a limited life, typically 5 years, which means that a further large
investment is needed periodically to renew the batteries

When one takes these factors into consideration the reasons for the predominance of
IC engine vehicles for most of the 20th Century become clear.

Since the 19th century ways of overcoming the limited energy storage of batteries have
been used. The first is supplying the electrical energy via supply rails, the best example
being the trolley bus. This has been widely used during the 20th century and allows quiet
non-polluting buses to be used in towns and cities. When away from the electrical supply

Electric Vehicle Technology Explained by J.Larminie and J.Lowry, John Willey&Sons, 2010



La Jamais Contente
1899 год, Франция

• 2 электромотора  
(общая мощность 50 кВт) 

• 200 Pb-PbO2 ячеек 

• Масса 1450 кг 

• Масса аккумулятора > 700 кг 

• Максимальная скорость  
106 км/ч
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разность
потенциаловток

запас заряда (емкость) Qmax
запас энергии  Emax 

протекший 
заряд

Напряжение U [В] 
Заряд Q [Кл] = I∙t 
Отдаваемый ток I [А] / Мощность P [Вт]

Работа А [Дж] = P∙t = U∙I∙t =Q∙U



Свинцово-кислотный 
аккумулятор

Pb - 2e- + HSO4- → PbSO4 + H+

PbO2 + HSO4- + 3H+ + 2e- → PbSO4 + 2H2O

30 – 40 Вт ч/кг

PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O
1 моль
239 г

1 моль
207 г

2 моль
196 г

2 моль e-

2⋅NA⋅e = 
= 193 кКл (кА⋅с) =  

= 53.6 А⋅ч 642 г

≈ 170 Вт⋅ч / кг



Свинцово-кислотный 
аккумулятор изнутри
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volume) of the reactants per exchanged electron as 
small as possible; and (3) by ensuring that the 
electrolyte is not consumed in the chemistry of 
the battery. This final condition was not true of 
the three principal battery technologies devel-
oped in the twentieth century, but holds for the 
more recent Ni–MH and lithium-ion batteries. 
One of the key elements of these two batteries 
is that the same ion (H+ for Ni–MH and Li+ for 
lithium-ion batteries) participates at both elec-
trodes, being reversibly inserted and extracted 
from the electrode material, with the concomi-
tant addition or removal of electrons. Ni–MH 
batteries are used to power hybrid vehicles 
and cheaper electronics, whereas lithium-ion 
batteries have conquered high-end electronics 
and are now being used in power tools. Lith-
ium-ion batteries are also entering the hybrid 
electric-vehicle market and are a serious con-
tender to power the electric cars of the future. 

 The lithium-ion battery, first commercial-
ized by Sony in 1991, owes its name to the 
exchange of the Li+ ion between the graphite 
(LixC6) anode and a layered-oxide (Li1−xTMO2) 
cathode2, with TM being a transition metal 
(usually cobalt but sometimes nickel or man-
ganese). The energy it stores (≈180 Wh kg−1) 
at an average voltage of 3.8 V is only a factor 
of 5 higher than that stored by the much older 
lead–acid batteries. This may seem poor in the 
light of Moore’s law in electronics (according 
to which memory capacity doubles every 18 
months), but it still took a revolution in materi-
als science to achieve it. 

Billions of lithium-ion cells are produced 
for portable electronics, but this is not sustain-
able as cobalt must be obtained from natural 

resources (it makes up 20 parts per million of 
Earth’s crust3,4). In addition, there are safety 
concerns, as the presence of both combus-
tible material and an oxidizing agent carries 
a risk of run away reactions resulting in fires 
or explosions. Improvements in the electro-
lyte composition could make the chemistry 
safer, but accidents are mainly a result of fierce 
cost-cutting and attempts to cram more active 
material in the same volume, causing internal 
short-circuits. As a result, improvements in 
monitoring and management are essential if 
lithium-ion batteries are to fulfil their potential 
in the automotive market. 

Lithium-ion batteries would also need to 
reduce their carbon footprint, which is cur-
rently about 70 kg CO2 per kWh (ref. 5). The 
carbon-related benefits of electric vehicles or 
‘plug-in hybrids’ become apparent only after 
around 120 recharges with respect to electric-
ity from coal, assuming a power-plant effi-
ciency of 35% and that the batteries replace a 
petrol engine in which 20% of the heat from 
combustion is converted into useable energy. 
However, these break-even numbers need to 
be reduced. 

Replacing each of the world’s 800 million 
cars and lorries with electric vehicles or plug-
in hybrids powered by 15-kWh lithium-ion 
batteries would use up to 30% of the world’s 
known reserves of lithium. But lithium is also 
found in unlimited quantities in sea water3,4, 
and concentrating it from brines is much 
greener (requiring just solar energy) than 
conventional mining. The demand for lith-
ium could also be eased by recycling, which 
has already proved its value with lead–acid 

batteries. All these problems must be overcome 
if lithium batteries are to take their place as the 
batteries of the future (Fig. 2). 

The nanotechnology revolution
Most attempts to improve the design of lithium-
ion batteries have tackled the problem at the 
macroscopic scale, but work is now focusing 
on the nanoscale. Nanomaterials were slow to 
enter the field of energy storage because the 
effective increase in the electrodes’ surface area 
raised the risk of secondary reactions involving 
electrolyte decomposition. Only as recently as 
2000 was it realized that such reactions could 
be controlled by coating the electrodes to pro-
tect the electrolyte from unwanted oxidation 
or reduction by the electrode materials. The 
arrival of nanomaterials gave lithium-ion bat-
teries a new lease of life6 and provided benefits 
in terms of capacity, power, cost and materials 
sustainability that are still far from being fully 
exploited. 

Electrode kinetic issues can be circumvented 
by switching to nanomaterials combined with 
carbon ‘nano-painting’7, in which the grains 
are coated with a thin layer of carbon to bring 
the required conductivity to individual grains, 
whose small size shortens the diffusion path 
for ions and electrons. Moreover, by accom-
modating the strains associated with lithium 
insertion/removal reactions, as the volume 
can expand or contract several-fold, this has 
also made it possible to use materials with large 
volume changes on reaction with lithium, such 
as alloys. But there are pitfalls, the most impor-
tant being the poor packing density of elec-
trodes based on nanomaterials, which limits 

Figure 2 | Battery 
chemistry over the 
years. Present-day 
battery technologies 
are being outpaced 
by the ever-
increasing power 
demands from new 
applications. As well 
as being inherently 
safe, batteries of the 
future will have to 
integrate the concept 
of environmental 
sustainability.
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volume) of the reactants per exchanged electron as 
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electrolyte is not consumed in the chemistry of 
the battery. This final condition was not true of 
the three principal battery technologies devel-
oped in the twentieth century, but holds for the 
more recent Ni–MH and lithium-ion batteries. 
One of the key elements of these two batteries 
is that the same ion (H+ for Ni–MH and Li+ for 
lithium-ion batteries) participates at both elec-
trodes, being reversibly inserted and extracted 
from the electrode material, with the concomi-
tant addition or removal of electrons. Ni–MH 
batteries are used to power hybrid vehicles 
and cheaper electronics, whereas lithium-ion 
batteries have conquered high-end electronics 
and are now being used in power tools. Lith-
ium-ion batteries are also entering the hybrid 
electric-vehicle market and are a serious con-
tender to power the electric cars of the future. 

 The lithium-ion battery, first commercial-
ized by Sony in 1991, owes its name to the 
exchange of the Li+ ion between the graphite 
(LixC6) anode and a layered-oxide (Li1−xTMO2) 
cathode2, with TM being a transition metal 
(usually cobalt but sometimes nickel or man-
ganese). The energy it stores (≈180 Wh kg−1) 
at an average voltage of 3.8 V is only a factor 
of 5 higher than that stored by the much older 
lead–acid batteries. This may seem poor in the 
light of Moore’s law in electronics (according 
to which memory capacity doubles every 18 
months), but it still took a revolution in materi-
als science to achieve it. 

Billions of lithium-ion cells are produced 
for portable electronics, but this is not sustain-
able as cobalt must be obtained from natural 

resources (it makes up 20 parts per million of 
Earth’s crust3,4). In addition, there are safety 
concerns, as the presence of both combus-
tible material and an oxidizing agent carries 
a risk of run away reactions resulting in fires 
or explosions. Improvements in the electro-
lyte composition could make the chemistry 
safer, but accidents are mainly a result of fierce 
cost-cutting and attempts to cram more active 
material in the same volume, causing internal 
short-circuits. As a result, improvements in 
monitoring and management are essential if 
lithium-ion batteries are to fulfil their potential 
in the automotive market. 

Lithium-ion batteries would also need to 
reduce their carbon footprint, which is cur-
rently about 70 kg CO2 per kWh (ref. 5). The 
carbon-related benefits of electric vehicles or 
‘plug-in hybrids’ become apparent only after 
around 120 recharges with respect to electric-
ity from coal, assuming a power-plant effi-
ciency of 35% and that the batteries replace a 
petrol engine in which 20% of the heat from 
combustion is converted into useable energy. 
However, these break-even numbers need to 
be reduced. 

Replacing each of the world’s 800 million 
cars and lorries with electric vehicles or plug-
in hybrids powered by 15-kWh lithium-ion 
batteries would use up to 30% of the world’s 
known reserves of lithium. But lithium is also 
found in unlimited quantities in sea water3,4, 
and concentrating it from brines is much 
greener (requiring just solar energy) than 
conventional mining. The demand for lith-
ium could also be eased by recycling, which 
has already proved its value with lead–acid 

batteries. All these problems must be overcome 
if lithium batteries are to take their place as the 
batteries of the future (Fig. 2). 

The nanotechnology revolution
Most attempts to improve the design of lithium-
ion batteries have tackled the problem at the 
macroscopic scale, but work is now focusing 
on the nanoscale. Nanomaterials were slow to 
enter the field of energy storage because the 
effective increase in the electrodes’ surface area 
raised the risk of secondary reactions involving 
electrolyte decomposition. Only as recently as 
2000 was it realized that such reactions could 
be controlled by coating the electrodes to pro-
tect the electrolyte from unwanted oxidation 
or reduction by the electrode materials. The 
arrival of nanomaterials gave lithium-ion bat-
teries a new lease of life6 and provided benefits 
in terms of capacity, power, cost and materials 
sustainability that are still far from being fully 
exploited. 

Electrode kinetic issues can be circumvented 
by switching to nanomaterials combined with 
carbon ‘nano-painting’7, in which the grains 
are coated with a thin layer of carbon to bring 
the required conductivity to individual grains, 
whose small size shortens the diffusion path 
for ions and electrons. Moreover, by accom-
modating the strains associated with lithium 
insertion/removal reactions, as the volume 
can expand or contract several-fold, this has 
also made it possible to use materials with large 
volume changes on reaction with lithium, such 
as alloys. But there are pitfalls, the most impor-
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Tesla Model S

• Электромотор 310 кВт 

• Литий-ионный аккумулятор 
85 кВт⋅ч 

• Общая масса  2100 кг 

• Масса 550 кг
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Li+
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e-

C6 + xLi+ ⇋ LixC6 + e- LiCoO2 ⇋ Li1-xCoO2 + xLi+ + xe-

≈ 600⋅x Вт⋅ч / кгтеор.
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that might be placed on tomorrow’s portable devices, which in turn
places different requirements on the active material chemistry. For
instance, with respect to the lower operating voltages of emerging
electronics, much debate has focused on whether we should develop
a low-voltage active chemistry or rely entirely on electronics
(d.c.–d.c. converters) and persist in searching for high-voltage active
Li chemistry. Finding the best-performing combination of 
electrode–electrolyte–electrode can be achieved only through the
selective use of existing and new materials as negative and positive
electrodes, and of the right electrolyte combination, so as to mini-
mize detrimental reactions associated with the electrode–electrolyte
interface — the critical phase of any electrochemical system.

Materials for positive electrodes
The choice of the positive electrode depends on whether we are deal-
ing with rechargeable Li-metal or Li-ion batteries (Fig. 5)27. For
rechargeable Li batteries, owing to the use of metallic Li as the 
negative electrode, the positive electrode does not need to be lithiated
before cell assembly. In contrast, for Li-ion batteries, because the car-
bon negative electrode is empty (no Li), the positive one must act as a
source of Li, thus requiring use of air-stable Li-based intercalation
compounds to facilitate the cell assembly. Although rechargeable 
Li-SPE cells mainly use Li-free V2O5 or its derivatives as the positive
electrode, LiCoO2 is most widely used in commercial Li-ion batteries,
deintercalating and intercalating Li around 4 V.

Initially, the use of layered LiNiO2 was considered28, as this dis-
played favourable specific capacity compared with LiCoO2. But
expectations were dismissed for safety reasons after exothermic oxi-
dation of the organic electrolyte with the collapsing delithiated
LixNiO2 structure. Delithiated LixCoO2 was found to be more ther-
mally stable than its LixNiO2 counterpart. Thus, substitution of Co
for Ni in LiNi1–xCoxO2 was adopted to provide a partial solution to the
safety concerns surrounding LiNiO2.

Although the reversible delithiation of LiCoO2 beyond 0.5 Li is
feasible, delithiation for commercial applications has been limited to
that value for safety reasons (charged cut-off limited to around 

presented by the polymer technology, Bellcore researchers 
introduced polymeric electrolytes in a liquid Li-ion system26. They
developed the first reliable and practical rechargeable Li-ion HPE
battery, called plastic Li ion (PLiON), which differs considerably
from the usual coin-, cylindrical- or prismatic-type cell configura-
tions (Fig. 4). Such a thin-film battery technology, which offers shape
versatility, flexibility and lightness, has been developed commercially
since 1999, and has many potential advantages in the continuing
trend towards electronic miniaturization. Finally, the ‘next 
generation’ of bonded liquid-electrolyte Li-ion cells, derived from
the plastic Li-ion concept, are beginning to enter the market place.
Confusingly called Li-ion polymer batteries, these new cells use a 
gel-coated, microporous poly-olefin separator bonded to the 
electrodes (also gel-laden), rather than the P(VDF-HFP)-based
membrane (that is, a copolymer of vinylidene difluoride with hexa-
fluoropropylene) used in the plastic Li-ion cells.

Having retraced almost 30 years of scientific venture leading to
the development of the rechargeable Li-ion battery, we now describe
some of the significant issues and opportunities provided by the field
by highlighting the various areas in need of technological advances.

Present status and remaining challenges
Whatever the considered battery technology, measures of its perfor-
mance (for example, cell potential, capacity or energy density) are
related to the intrinsic property of the materials that form the positive
and negative electrodes. The cycle-life and lifetime are dependent on
the nature of the interfaces between the electrodes and electrolyte,
whereas safety is a function of the stability of the electrode materials
and interfaces. Compared with mature batteries technologies, such
as lead–acid or Ni–Cd, rechargeable Li-based battery technologies
are still in their infancy, leaving much hope for improvement over the
next decade. Such improvements should arise from changes in bat-
tery chemistry and cell engineering. Advances in active chemistry are
left to the solid-state chemists’ creativity and innovation in the design
and elaboration of new intercalation electrodes. At the same time,
they must bear in mind that it is impossible to predict the demands
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Li2CoPO4F (>5 В) 
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Материалы положительных 
электродов

LiMn2O4 LiFePO4 

 Основные структурные типы катодных материалов 

гексагональная  
плотнейшая  

упаковка  
кубическая плотнейшая упаковка 

Ст               278 мА·ч/г                                                  148 мА·ч/г                                                                  177 мА·ч/г                      

σ           10-3 C/cм                                               10-5 С/cм                                                         10-9 С/cм 

kD              10-9 см2/c                                              10-10 см2/c                                                                                   10-15 см2/c  

LiСоO2 
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would predominantly consist of the decomposition
products of those solvents in the solvation sheath of
lithium ion, which migrates toward the negatively
charged anode surface. For state-of-the-art electro-
lytes, the reduction of cyclic carbonates such as EC
and PC should provide the major species to build up
the SEI while the participation of linear carbonates
should be relatively inconsequential. A similar con-
clusion was drawn by Wang et al., who employed a
high-level density functional theory to investigate the
reductive decomposition mechanism for EC molecules
in electrolyte solution and found that, while the
reduction of a free EC molecule is very unlikely, the
coordination of lithium ion to an EC molecule renders
the one- or two-electron reduction processes thermo-
dynamically possible in a supermolecular structure
such as Li+(EC)n (n ) 1-5).170

In view of the possibility that certain electrolyte
components could be preferentially reduced on car-
bonaceous anode, Peled and co-workers explored a
means to manipulate the chemical nature of the SEI
by deliberately using unstable electrolyte ingredi-
ents.106 They argued that, since these components
would be reduced at a higher potential, the SEI would
be completed far before solvent cointercalation oc-
curred, and the probability of cointercalation and its
following exfoliation could be minimized. EC seems
to be such a component due to its reactivity.212-214

As a measure of the ease with which electrolyte
components could be reduced, Peled and co-workers
proposed using the vast data bank of the rate
constant (ke) of reduction in aqueous media, and a
fair correlation was established between this constant
and the SEI formation potential.106 Thus, ke could be
used as a tool for the selection of electrolyte solvents
and salts. According to this model, ideal electrolytes
should be formulated with the candidates of ke > 109

M-1 s-1. By this standard, AsF6
-, EC, vinylene

carbonate (VC), and CO2 are favored, while BF4
- and

ClO4
- are not.

This model conceptually forms the theoretical basis
for the later development of electrolyte additives, as
evidenced by the success of CO2 and VC in suppress-
ing the irreversible capacity in the initial cyclings.
But so far as major electrolyte components are
concerned, this model is not widely applied, since
many other properties such as ion conduction and
phase diagrams must also be taken into account if
the component is present in high concentrations.

6.2.2.2. Besenhard Model: Ternary Graphite In-
tercalation Compound (GIC). In addition to the
indiscriminate versus selective reductions, another
fundamental difference between graphite and lithium
electrodes is the presence of the interlayer voids of
the former that could accommodate both lithium ions
and solvent molecules. Therefore, some researchers
argued that the reductive decomposition of electro-
lytes in contact with the former might not be only a
simple surface reaction as suggested in Peled’s model.
Instead, the solvent could cointercalate into graphene
layers before they decompose therein, and the pas-
sivation film thus formed could penetrate into the
structure of graphite.

The early studies have identified the existence of
graphite intercalation compounds with solvent mole-
cules.239-243 On the basis of the knowledge about
these compounds and their reactions, a mechanism
for SEI formation was proposed later by Besenhard
that involves the initial formation of a ternary GIC
[Li(solvent)xCy] and its subsequent decomposition
near the edge sites of the graphene planes to form
the SEI.251 Figure 12 schematically depicts the SEI
formation process according to this mechanism. Upon
cathodic polarization of the graphite anode, the
solvated lithium ion migrates to the negatively
charged surface of graphite and is intercalated into
graphene layers at ∼1.0-0.80 V before any reduction
occurs. The ternary GIC thus formed, for example,
Li(EC/DME)xCy, has a short lifetime and decomposes
within the time scale of slow scan CV (∼104 s), as
indicated by the irreversible peak observed when the
scanning rate is low; therefore, according to Besen-
hard et al., this process might easily be mistaken as
an ordinary irreversible reduction of the electrolyte.
However, at certain faster scan rates (e.g., 10 mV
s-1), part of the solvated ion could still be reversibly
removed from graphene interlayer sites.251 The re-
ductive decomposition of these cointercalated solvents
then renders an SEI that extends from the graphite
surface at the edge sites into the interior of the
interlayer voids.

The direct evidence that Besenhard et al. presented
for the formation of a ternary GIC is the dilatometric
measurement of the graphite electrode, which indi-
cates a crystal expansion of 150% at the cointerca-
lation potential.251 However, this expansion due to
solvent cointercalation was never confirmed on the
microscopic level. All of the in situ X-ray diffraction
(XRD) measurements conducted by different research-

Figure 12. Schematic illustration of the SEI formation
mechanism via the decomposition of Li(solv)xCy. Recon-
structed based on ref 251.

4332 Chemical Reviews, 2004, Vol. 104, No. 10 Xu
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3 830 мАч/г



would predominantly consist of the decomposition
products of those solvents in the solvation sheath of
lithium ion, which migrates toward the negatively
charged anode surface. For state-of-the-art electro-
lytes, the reduction of cyclic carbonates such as EC
and PC should provide the major species to build up
the SEI while the participation of linear carbonates
should be relatively inconsequential. A similar con-
clusion was drawn by Wang et al., who employed a
high-level density functional theory to investigate the
reductive decomposition mechanism for EC molecules
in electrolyte solution and found that, while the
reduction of a free EC molecule is very unlikely, the
coordination of lithium ion to an EC molecule renders
the one- or two-electron reduction processes thermo-
dynamically possible in a supermolecular structure
such as Li+(EC)n (n ) 1-5).170

In view of the possibility that certain electrolyte
components could be preferentially reduced on car-
bonaceous anode, Peled and co-workers explored a
means to manipulate the chemical nature of the SEI
by deliberately using unstable electrolyte ingredi-
ents.106 They argued that, since these components
would be reduced at a higher potential, the SEI would
be completed far before solvent cointercalation oc-
curred, and the probability of cointercalation and its
following exfoliation could be minimized. EC seems
to be such a component due to its reactivity.212-214

As a measure of the ease with which electrolyte
components could be reduced, Peled and co-workers
proposed using the vast data bank of the rate
constant (ke) of reduction in aqueous media, and a
fair correlation was established between this constant
and the SEI formation potential.106 Thus, ke could be
used as a tool for the selection of electrolyte solvents
and salts. According to this model, ideal electrolytes
should be formulated with the candidates of ke > 109

M-1 s-1. By this standard, AsF6
-, EC, vinylene

carbonate (VC), and CO2 are favored, while BF4
- and

ClO4
- are not.

This model conceptually forms the theoretical basis
for the later development of electrolyte additives, as
evidenced by the success of CO2 and VC in suppress-
ing the irreversible capacity in the initial cyclings.
But so far as major electrolyte components are
concerned, this model is not widely applied, since
many other properties such as ion conduction and
phase diagrams must also be taken into account if
the component is present in high concentrations.

6.2.2.2. Besenhard Model: Ternary Graphite In-
tercalation Compound (GIC). In addition to the
indiscriminate versus selective reductions, another
fundamental difference between graphite and lithium
electrodes is the presence of the interlayer voids of
the former that could accommodate both lithium ions
and solvent molecules. Therefore, some researchers
argued that the reductive decomposition of electro-
lytes in contact with the former might not be only a
simple surface reaction as suggested in Peled’s model.
Instead, the solvent could cointercalate into graphene
layers before they decompose therein, and the pas-
sivation film thus formed could penetrate into the
structure of graphite.

The early studies have identified the existence of
graphite intercalation compounds with solvent mole-
cules.239-243 On the basis of the knowledge about
these compounds and their reactions, a mechanism
for SEI formation was proposed later by Besenhard
that involves the initial formation of a ternary GIC
[Li(solvent)xCy] and its subsequent decomposition
near the edge sites of the graphene planes to form
the SEI.251 Figure 12 schematically depicts the SEI
formation process according to this mechanism. Upon
cathodic polarization of the graphite anode, the
solvated lithium ion migrates to the negatively
charged surface of graphite and is intercalated into
graphene layers at ∼1.0-0.80 V before any reduction
occurs. The ternary GIC thus formed, for example,
Li(EC/DME)xCy, has a short lifetime and decomposes
within the time scale of slow scan CV (∼104 s), as
indicated by the irreversible peak observed when the
scanning rate is low; therefore, according to Besen-
hard et al., this process might easily be mistaken as
an ordinary irreversible reduction of the electrolyte.
However, at certain faster scan rates (e.g., 10 mV
s-1), part of the solvated ion could still be reversibly
removed from graphene interlayer sites.251 The re-
ductive decomposition of these cointercalated solvents
then renders an SEI that extends from the graphite
surface at the edge sites into the interior of the
interlayer voids.

The direct evidence that Besenhard et al. presented
for the formation of a ternary GIC is the dilatometric
measurement of the graphite electrode, which indi-
cates a crystal expansion of 150% at the cointerca-
lation potential.251 However, this expansion due to
solvent cointercalation was never confirmed on the
microscopic level. All of the in situ X-ray diffraction
(XRD) measurements conducted by different research-

Figure 12. Schematic illustration of the SEI formation
mechanism via the decomposition of Li(solv)xCy. Recon-
structed based on ref 251.
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“Дендриты” могут вырасти и в 
литий-ионном аккумуляторе



Li – S аккумулятор

3

• Lithium ions are stripped from 
the anode during discharge and 
form Li-polysulfides in the 
cathode.

– Li2 S in the cathode is the result of 
complete discharge.

• On recharge the lithium ions are 
plated back onto the anode as 
the Li2 Sx moves toward S8

• High order Li-polysulfides (Li2 S3 
to Li2 S8 ) are soluble in the 
electrolyte and migrate to the 
anode scrubbing off any dendrite 
growth.
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Why Lithium Sulfur Technology?

Отрицательный электрод: 
Li ⇄ Li+ + e-

Положительный электрод: 
S + 2e- + 2Li+ ⇄ Li2S
Общая реакция: 
2Li + S ⇄ Li2S

Теоретическая удельная энергия (на массу активных компонентов): 

Eуд = 2F · U / M (Li2S) = 
= 2∙96500∙2.1 / 46 Дж/г = 2450 Вт·ч / кг (2800 Вт·ч/л) 



carbons (AC’s) for the sulfur cathode

have been investigated.20 AC’s possess

high surface area and pore volume, and

are also very cost-effective. However,

their pore size distribution is very wide,

ranging from micropores (<2 nm) to

macropores (>50 nm). The electronic

contact of sulfur encapsulated in the

macropores is quite limited, which

results in considerable polarization.

When the sulfur mass is large, incom-

plete discharge occurs with S! remaining

within the core of the particles, particu-

larly at high power output.21

Substantial advances have been made

in the fabrication of nanostructured

carbonaceous materials in the last two

decades,22,23 which have been applied to

improving the performance of Li–S

batteries. Ahn et al. added multi-walled

carbon nanotubes (MWCNT’s) to the

sulfur electrode, as depicted in Fig. 2.24

These act as conducting wires to form

a 3D wire network that encapsulates the

sulfur particles. The low initial discharge

capacity of 480 mA h g"1 probably results

from the electrochemically inaccessible

interior of the bulk sulfur particles.

Similar results have been obtained by

employing solid carbon nano-fibers as

conducting wires.25 Zheng et al. also

reported an MWCNT/S nanocomposite

material,26 but with a highly homogenous

sulfur dispersion as shown in Fig. 3a and

b. The diameter of the tubes systemati-

cally increases upon sulfur loading, indi-

cating the presence of an even coating on

their external surface. Reversible capac-

ities of up to 700 mA h g"1 are reported.

However, MWCNT sulfur networks have

obvious limitations. First, the surface

area and pore volume of CNTs are typi-

cally less than 350 m2 g"1 and 0.5 cm3 g"1,

respectively,27 which limit their capacity

to accommodate the sulfur active mass.

Moreover, the tubes are normally several

microns long, which may induce discon-

tinuous sulfur loading. They are further-

more unfavourable for Li ion transport

since ion mobility can only take place

along the long CNT axis, and not

perpendicular to it. Finally, the diameter

of CNTs, typically several tens of nano-

metres, is larger than optimum. Qiu et al.

also studied sulfur/MWCNT composites,

focussing on MWCNT-core/sulfur-shell

structures.28 Compared to the simple

mixture of MWCNT’s with sulfur, this

core–shell composite (Fig. 4) shows

a higher internal resistance before cycling

and a lower initial discharge capacity.

However, the core–shell composite

exhibits good cycling stability (670 mA h

g"1 after 60 cycles), possible due to a well

preserved cathode morphology.

Most recently, mesoporous carbons

have found applications in Li–S batteries.

To date, the best electrochemical proper-

ties that have been reported for carbon

‘‘contained’’ sulfur systems are exhibited

by ordered interwoven carbon–sulfur

composites that comprise high pore-

volume carbons with 3D-accessible

channel nanostructures.29 Sulfur is readily

incorporated from the melt by capillary

forces. By this impregnation method, the

percentage of active mass can be precisely

controlled. The residual pore volume in

the nanocomposite is designed to retain

pathways for electrolyte/Li+ ingress and

to accommodate the active mass

volume expansion during cycling. The

semi-amorphous and microporous

morphology of the wall structure of

CMK-3 carbon is also conductive to

Li-ion transport. The conductive carbon

framework constrains the sulfur within its

channels and generates essential electrical

contact as shown schematically in Fig. 5.

Kinetic inhibition to diffusion within the

framework, and the sorption properties

Fig. 3 SEM images of (a) MWCNTs and (b) MWCNT/sulfur nanocomposites. Reproduced from

ref. 26.

Fig. 4 Illustration of the S/C composite

cathode material by using a bimodal porous

carbon as the support. MPC represents

mesoporous carbon. Reproduced from

ref. 31.

Fig. 5 Schematic of the sulfur confined in the

interconnected pore structure of mesoporous

carbon, CMK-3, formed from carbon tubes

that are propped apart by carbon nano-fibers

to form channels. The view is down the

channels and tubes in cross-section. Lower

panels represent subsequent discharging–

charging of sulfur with Li, illustrating the

strategy of pore filling to tune for vol-

ume-expansion/contraction. Reproduced from

ref. 29.

Fig. 6 Schematic showing PEG200 coated

CMK-3/S composites.
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negative electrode: anodic reaction (oxidation, loss of
electrons)

→ ++ −2Li 2Li 2e (1)

positive electrode: cathodic reaction (reduction, gaining
electrons)

+ + →+ −S 2Li 2e Li S2 (2)

overall cell reaction (discharge)

+ →2Li S Li S2 (3)

The theoretical capacities of lithium and sulfur are 3.861 and
1.672 A h g−1, respectively, which leads to a theoretical cell
capacity of 1.167 A h g−1 for the Li−S cell. The discharge
reaction has an average cell voltage of 2.15 V. Hence, the
theoretical gravimetric energy density for a Li−S cell is 2.51 W
h g−1.3

Sulfur atoms show a strong tendency to catenation, forming
long homoatomic chains or homocyclic rings of various sizes.4a

Octasulfur (cyclo-S8), crystallizing at 25 °C as orthorhombic α-
S8, is the most stable allotrope at room temperature. During an
ideal discharge process, cyclo-S8 is reduced and the ring opens,
resulting in the formation of high-order lithium polysulfides
Li2Sx (6 < x ≤ 8). As the discharge continues, lower order
lithium polysulfides Li2Sx (2 < x ≤ 6) are formed with the
incorporation of additional lithium. There are two discharge
plateaus at 2.3 and 2.1 V with ether-based liquid electrolytes,
which represent the conversions of S8 to Li2S4 and Li2S4 to Li2S,
respectively. At the end of discharge, Li2S is formed, as shown
in Figure 2.4b During the following charge, Li2S is converted to

S8 via the formation of the intermediate lithium polysulfides,
resulting in a reversible cycle.5 However, the two charge voltage
plateaus are normally overlapped with each other.

3. HISTORICAL DEVELOPMENT
Sulfur was used as a positive electrode material in electric dry
cells and storage batteries by Herbet and Ulam in 1962.6 The
electrolyte was identified to be alkaline perchlorate, iodide,
bromide, or chlorate dissolved in a primary, secondary, or
tertiary saturated aliphatic amine, preferably selected from
among propylic, butylic, and amylic amines. Later on, Rao7

specifically patented high-energy-density metal−sulfur batteries
with organic electrolytes and presented the theoretical energy
densities of metal−sulfur cells in 1966. The open-circuit voltage
of the cell was observed to be between 2.35 and 2.5 V, which
was slightly lower than the calculated 2.52 V. The electrolytes
contemplated in the patent consist of one or more of the

solvents propylene carbonate, γ-butyrolactone, dimethylforma-
mide, and dimethyl sulfoxide. The subsequent developments
were focused mostly on primary Li−S cells.8 An important
development during this period was the identification of the
electrolyte solvent for Li−S cells from saturated aliphatic
amines,6 to propylene carbonate,7 to a mixture of tetrahy-
drofuran (THF)−toluene,8c and finally to mixtures of
dioxolane-based electrolytes, which are being widely used
nowadays.8d,e The liquid electrolyte has a significant impact on
the cell performance since the intermediate charged/discharged
products lithium polysulfides are soluble in it. For example,
more than 95% sulfur utilization was achieved at room
temperature with LiClO4 dissolved in a mixture of THF−
toluene by Yamin et al.,8c but with a low discharge current
density (10 μA cm−2). In contrast, dioxolane-rich electrolytes
have an order of magnitude higher ionic conductivity than the
THF−toluene electrolyte.8d However, sulfur utilization in
dioxolane-rich electrolytes was only 50% even at a very low
discharge rate in primary Li−S cells due to the partial discharge
product Li2S2. Further work by Peled et al.8e demonstrated
rechargeable Li−S batteries with dioxolane-rich electrolytes. A
notable work by Rauh and Abraham et al.8b demonstrated a cell
with a configuration of Li/∼5 M S in Li2Sn, THF, 1 M LiAsF6/
C. Almost 100% of the theoretical capacity was achieved at 50
°C and 1.0 mA cm−2, and 75% cathode utilization was achieved
at ∼4 mA cm−2. Cycling efficiencies started at about 95% at 25
°C but tended to deteriorate after 10−20 cycles.
Starting in 2000, more efforts were focused on rechargeable

Li−S batteries as evidenced by the exponentially growing
number of publications. Efforts have been focused on
developing more conductive sulfur−carbon composites and
solid electrolytes, fabricating efficient electrodes and cell
configurations, and understanding the degradation mechanism
and limiting factors for long cycle life Li−S batteries.
Mikhaylik9 illustrated the status of the Li−S battery technology
in his Electrochemical Society (ECS) meeting presentation in
2010, as shown in the spider chart in Figure 3. In comparison to

the specifications of Li−S batteries set by the U.S. Advanced
Battery Consortium (USABC), Li−S batteries meet the
requirements of specific energy, specific power, power density,
and low-temperature performance. However, the energy
density, rate capability, and recharge time are barely met, and
the cycle life and high-temperature performance of current Li−
S batteries are far below the minimum requirements, which
limit the Li−S technology from wide commercial applications.

Figure 2. Voltage profiles of a Li−S cell. Reprinted with permission
from ref 4b. Copyright 2012 Macmillan Publishers Ltd.

Figure 3. Year 2009 status of the Li−S technology. Reprinted with
permission from ref 9. Copyright 2010 Y. V. Mikhaylik.
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Figure 3 | SEM images of the Na–O2 cell cathodes. a,b, SEM images of a cathode structure after discharge to 2 mAh at 80 µA cm�2 at the oxygen/GDL
and GDL/separator side, respectively. c, For comparison, a pristine cathode structure. d, Solid products formed on the carbon fibres during discharge at
higher magnification. For a discussion on the theoretical capacity achievable, see Supplementary Fig. S5.
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in your element

Although it has been known for almost 
two centuries, lithium is suddenly 
making the news: it is the primary 

ingredient of the lithium-ion batteries set to 
power the next generation of electric vehicles 
and, as such, could become as precious as 
gold in this century1. It is also non-uniformly 
spread within the Earth’s crust, sparking 
rumours that Andean South American 
countries could soon be the ‘new Middle-East’. 
Together, these factors set the scene for 
controversial debates about the available 
reserves2–4 and the anticipated demands1: if 
all cars are to become electric within 50 years, 
fears of a crunch in lithium resources — and 
thus a staggering price increase such as that 
faced today with fossil fuels — are permeating.

With its atomic number of 3, lithium is 
located in the top left corner of the periodic 
table. It was Johann August Arfvedson, one 
of Jöns Jakob Berzelius’s students, who first 
detected its presence in 1817 while analysing 
the mineral petalite (LiAlSi4O10), itself 
discovered in 1800. Berzelius called this new 
element lithos (Greek word for stone). 

Lithium, whose silvery-white colour 
tarnishes on oxidation when exposed to air, 
is the most electropositive metal (−3.04 V 
versus a standard hydrogen electode), the 
lightest (M = 6.94 g mol–1) and the least 
dense (ρ = 0.53 g cm–3) solid element at room 
temperature, and is also highly flammable. 
Owing to this high reactivity, lithium is 
present only in compounds in nature — 
either in brines or hard rock minerals — 
and must be stored under anhydrous 
atmospheres, in mineral oil or sealed 
evacuated ampoules.

Their particular physical, chemical and 
electrochemical properties make lithium 
and its compounds attractive to many fields. 
Apart from the recent advent of lithium-
based batteries, lithium niobate (LiNbO3) 
is an important material in nonlinear 
optics. Engineers use lithium in high-
temperature lubricants, to strengthen alloys, 
and for heat-transfer applications. It is also 

widespread in the fine chemical industry, 
as organo-lithium reagents are extremely 
powerful bases and nucleophiles used to 
synthesize many chemicals. Its effect on 
the nervous system has also made lithium 
attractive as a mood-stabilizing drug, and in 
nuclear research tritium (3H) is obtained by 
irradiating 6Li. Annual demand has therefore 
grown by 7–10%, currently reaching about 
160,000 tons of lithium carbonate (Li2CO3) 
per year — about 20–25% of which is for the 
battery sector.

Energy storage, which should help 
mitigate the issues of pollution, global 
warming and fossil-fuel shortage, is becoming 
more important than ever, and Li-ion 
batteries are now the technology of choice 
to develop renewable energy technology 
and electric vehicles. They typically consist 
of a Li-containing positive electrode and a 
Li-free negative electrode, separated by a Li-
based electrolyte. From simple calculations, 
assuming a one-molar Li-based electrolyte 
and a 3.6 V LiMPO4 electrode (where M is Fe 
or Mn), the demand is estimated to be about 
0.8 kg Li2CO3 per kWh — and this number 
is not expected to decrease with recently 
developed batteries such as lithium–air or 
lithium–sulfur, which need an excess of 
lithium at the negative electrode to function 
properly. The fact that tritium might also be 
used with deuterium for nuclear fusion could 
increase demands.

Extracting lithium from hard rocks is 
laborious and expensive, however, and most of 
that produced (roughly 83%) at present comes 

from brine lakes and salt pans: salty water is 
first pumped out of the lake into a series of 
shallow ponds, then concentrated using solar 
energy into a lithium chloride brine, which is 
subsequently treated with soda to precipitate 
Li2CO3. Considerable amounts of lithium are 
present in sea water, but its recovery is trickier, 
and highly expensive.

It is extremely difficult to estimate the 
world’s lithium reserves1–3 — a debate 
typically fed by investors and venture 
capitalists. The present production of Li2CO3 
is about half what would be needed to convert 
the 50 million cars4 produced every year 
into ‘plug-in hybrid electric vehicles’ (with 
an electric motor powered by a 7 kWh Li-
ion battery and a combustion engine). The 
demand becomes astronomic if we consider 
full electric vehicles — which require an on-
board battery of 40 kWh. These numbers 
bring fears of a potential Li shortage in a few 
decades, painting a dim picture.

This alarming global situation will 
hopefully drive researchers to investigate 
new battery technologies5 and loosen our 
dependence on lithium. Fortunately, the 
situation improves if one also considers 
recycling — the low melting point (180 °C) 
of lithium metal and the very low water 
solubility of its fluoride, carbonate and 
phosphate salts make its recovery quite easy. 
Combining further brine exploitation with an 
efficient recycling process should be enough 
to match the demands of a ‘propulsion 
revolution’ that would solely rely on Li-ion 
cells, lessening geopolitical risks. 
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Is lithium the new gold?
Jean-Marie Tarascon ponders on the value of lithium, an element known for about 200 years, whose 
importance is now fast increasing in view of the promises it holds for energy storage and electric cars.
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pseudo-capacitive active materials. Hybrid capacitors, combining a 
capacitive or pseudo-capacitive electrode with a battery electrode, are 
the latest kind of EC, which benefit from both the capacitor and the 
battery properties.

Electrochemical capacitors currently fill the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). They 
store hundreds or thousands of times more charge (tens to hundreds 
of farads per gram) than the latter, because of a much larger surface 
area (1,000–2,000 m2 g–1) available for charge storage in EDLC. 
However, they have a lower energy density than batteries, and this 
limits the optimal discharge time to less than a minute, whereas 
many applications clearly need more9. Since the early days of EC 
development in the late 1950s, there has not been a good strategy 
for increasing the energy density; only incremental performance 
improvements were achieved from the 1960s to 1990s. The impressive 
increase in performance that has been demonstrated in the past 
couple of years is due to the discovery of new electrode materials and 
improved understanding of ion behaviour in small pores, as well as 
the design of new hybrid systems combining faradic and capacitive 
electrodes. Here we give an overview of past and recent findings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

The first patent describing the concept of an electrochemical capacitor 
was filed in 1957 by Becker9, who used carbon with a high specific 
surface area (SSA) coated on a metallic current collector in a sulphuric 
acid solution. In 1971, NEC (Japan) developed aqueous-electrolyte 
capacitors under the energy company SOHIO’s licence for power-
saving units in electronics, and this application can be considered as 
the starting point for electrochemical capacitor use in commercial 
devices9. New applications in mobile electronics, transportation 

(cars, trucks, trams, trains and buses), renewable energy production 
and aerospace systems10 bolstered further research.

MECHANISM OF DOUBLE-LAYER CAPACITANCE
EDLCs are electrochemical capacitors that store the charge 
electrostatically using reversible adsorption of ions of the electrolyte 
onto active materials that are electrochemically stable and have high 
accessible SSA. Charge separation occurs on polarization at the 
electrode–electrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C ord
  A

C/A d
  (1)

where r is the electrolyte dielectric constant, 0 is the dielectric 
constant of the vacuum, d is the effective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

This capacitance model was later refined by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a diffuse layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. The double layer capacitance is between 5 and 20 µF cm–2 
depending on the electrolyte used11. Specific capacitance achieved 
with aqueous alkaline or acid solutions is generally higher than in 
organic electrolytes11, but organic electrolytes are more widely used as 
they can sustain a higher operation voltage (up to 2.7 V in symmetric 
systems). Because the energy stored is proportional to voltage squared 
according to

 E = ½ CV2 (2)

a three-fold increase in voltage, V, results in about an order of 
magnitude increase in energy, E, stored at the same capacitance.

As a result of the electrostatic charge storage, there is no faradic 
(redox) reaction at EDLC electrodes. A supercapacitor electrode must 
be considered as a blocking electrode from an electrochemical point 
of view. This major difference from batteries means that there is no 
limitation by the electrochemical kinetics through a polarization 
resistance. In addition, this surface storage mechanism allows very 
fast energy uptake and delivery, and better power performance. 
The absence of faradic reactions also eliminates the swelling in the 
active material that batteries show during charge/discharge cycles. 
EDLCs can sustain millions of cycles whereas batteries survive a few 
thousand at best. Finally, the solvent of the electrolyte is not involved 
in the charge storage mechanism, unlike in Li-ion batteries where it 
contributes to the solid–electrolyte interphase when graphite anodes 
or high-potential cathodes are used. This does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to –40 °C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices suffer from a limited energy density. This explains why 
today’s EDLC research is largely focused on increasing their energy 
performance and widening the temperature limits into the range 
where batteries cannot operate9.

HIGH SURFACE AREA ACTIVE MATERIALS
The key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satisfies all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, fibres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2a–d. Activated carbons are the most widely used 
materials today, because of their high SSA and moderate cost.

Activated carbons are derived from carbon-rich organic 
precursors by carbonization (heat treatment) in inert atmosphere 
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studies suggested that pores smaller than 0.5 nm were not accessible 
to hydrated ions20,22 and that even pores under 1 nm might be too 
small, especially in the case of organic electrolytes, where the size 
of the solvated ions is larger than 1 nm (ref. 23). These results were 
consistent with previous work showing that ions carry a dynamic 
sheath of solvent molecules, the solvation shell24, and that some 
hundreds of kilojoules per mole are required to remove it25 in the 
case of water molecules. A pore size distribution in the range 2–5 nm, 
which is larger than the size of two solvated ions, was then identified as 
a way to improve the energy density and the power capability. Despite 
all efforts, only a moderate improvement has been made. Gravimetric 
capacitance in the range of 100–120 F g–1 in organic and 150–200 F g–1 
in aqueous electrolytes has been achieved26,27 and ascribed to improved 
ionic mass transport inside mesopores. It was assumed that a well 
balanced micro- or mesoporosity (according to IUPAC classification, 
micropores are smaller than 2 nm, whereas mesopores are 2–50 nm 
in diameter) was needed to maximize capacitance28. 

Although fine-tuned mesoporous carbons failed to achieve high 
capacitance performance, several studies reported an important 
capacitive contribution from micropores. From experiments 
using activated carbon cloth, Salitra et al.29 suggested that a partial 
desolvation of ions could occur, allowing access to small pores 
(<2 nm). High capacitance was observed for a mesoporous carbon 
containing large numbers of small micropores30–32, suggesting that 
partial ion desolvation could lead to an improved capacitance. 
High capacitances (120 F g–1 and 80 F cm–3) were found in organic 
electrolytes for microporous carbons (<1.5 nm)33,34, contradicting 
the solvated ion adsorption theory. Using microporous activated 
coal-based carbon materials, Raymundo-Pinero et al.35 observed the 
same effect and found a maximum capacitance for pore size at 0.7 and 

0.8 nm for aqueous and organic electrolytes, respectively. However, 
the most convincing evidence of capacitance increase in pores smaller 
than the solvated ion size was provided by experiments using carbide-
derived carbons (CDCs)36–38 as the active material. These are porous 
carbons obtained by extraction of metals from carbides (TiC, SiC and 
other) by etching in halogens at elevated temperatures39:

 TiC + 2Cl2 → TiCl4 + C (4)

In this reaction, Ti is leached out from TiC, and carbon atoms self-
organize into an amorphous or disordered, mainly sp2-bonded40, 
structure with a pore size that can be fine-tuned by controlling the 
chlorination temperature and other process parameters. Accordingly, 
a narrow uni-modal pore size distribution can be achieved in the 
range 0.6–1.1 nm, and the mean pore size can be controlled with 
sub-ångström accuracy41. These materials were used to understand 
the charge storage in micropores using 1 M solution of NEt4BF4 
in acetonitrile-based electrolyte42. The normalized capacitance 
(µF cm–2) decreased with decreasing pore size until a critical value 
close to 1 nm was reached (Fig. 4), and then sharply increased when 
the pore size approached the ion size. As the CDC samples were 
exclusively microporous, the capacitance increase for subnanometre 
pores clearly shows the role of micropores. Moreover, the gravimetric 
and volumetric capacitances achieved by CDC were, respectively, 
50% and 80% higher than for conventional activated carbon19–21. 
The capacitance change with the current density was also found to 
be stable, demonstrating the high power capabilities these materials 
can achieve42. As the solvated ion sizes in this electrolyte were 1.3 and 
1.16 nm for the cation and anion16, respectively, it was proposed that 
partial or complete removal of their solvation shell was allowing the 
ions to access the micropores. As a result, the change of capacitance 
was a linear function of 1/b (where b is the pore radius), confirming 
that the distance between the ion and the carbon surface, d, was shorter 
for the smaller pores. This dependence published by Chmiola et al.42 
has since been confirmed by other studies, and analysis of literature 
data is provided in refs 43 and 44.

CHARGE-STORAGE MECHANISM IN SUBNANOMETRE PORES
From a fundamental point of view, there is a clear lack of understanding 
of the double layer charging in the confined space of micropores, where 
there is no room for the formation of the Helmholtz layer and diffuse 
layer expected at a solid–electrolyte interface. To address this issue, a 
three-electrode cell configuration, which discriminates between anion 
and cation adsorption, was used45. The double layer capacitance in 
1.5 M NEt4BF4-acetonitrile electrolyte caused by the anion and cation 
at the positive and negative electrodes, respectively, had maxima at 
different pore sizes45. The peak in capacitance shifted to smaller pores 
for the smaller ion (anion). This behaviour cannot be explained by 
purely electrostatic reasons, because all pores in this study were the 
same size as or smaller than a single ion with a single associated 
solvent molecule. It thus confirmed that ions must be at least partially 
stripped of solvent molecules in order to occupy the carbon pores. 
These results point to a charge storage mechanism whereby partial or 
complete removal of the solvation shell and increased confinement of 
ions lead to increased capacitance.

A theoretical analysis published by Huang et al.43 proposed splitting 
the capacitive behaviour in two different parts depending on the pore 
size. For mesoporous carbons (pores larger than 2 nm), the traditional 
model describing the charge of the double layer was used43:

 
 ln

r 0 (5)/ =   (5)

where b is the pore radius and d is the distance of approach of the 
ion to the carbon surface. Data from Fig. 4 in the mesoporous range 

Carbon electrodes
coated onto Al foil 

Separator

Figure 3 Electrochemical capacitors. a, Schematic of a commercial spirally wound 
double layer capacitor. b, Assembled device weighing 500 g and rated for 2,600 F. 
(Photo courtesy of Batscap, Groupe Bolloré, France.) c, A small button cell, which is 
just 1.6 mm in height and stores 5 F. (Photo courtesy of Y-Carbon, US.) Both devices 
operate at 2.7 V.
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pseudo-capacitive active materials. Hybrid capacitors, combining a 
capacitive or pseudo-capacitive electrode with a battery electrode, are 
the latest kind of EC, which benefit from both the capacitor and the 
battery properties.

Electrochemical capacitors currently fill the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). They 
store hundreds or thousands of times more charge (tens to hundreds 
of farads per gram) than the latter, because of a much larger surface 
area (1,000–2,000 m2 g–1) available for charge storage in EDLC. 
However, they have a lower energy density than batteries, and this 
limits the optimal discharge time to less than a minute, whereas 
many applications clearly need more9. Since the early days of EC 
development in the late 1950s, there has not been a good strategy 
for increasing the energy density; only incremental performance 
improvements were achieved from the 1960s to 1990s. The impressive 
increase in performance that has been demonstrated in the past 
couple of years is due to the discovery of new electrode materials and 
improved understanding of ion behaviour in small pores, as well as 
the design of new hybrid systems combining faradic and capacitive 
electrodes. Here we give an overview of past and recent findings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

The first patent describing the concept of an electrochemical capacitor 
was filed in 1957 by Becker9, who used carbon with a high specific 
surface area (SSA) coated on a metallic current collector in a sulphuric 
acid solution. In 1971, NEC (Japan) developed aqueous-electrolyte 
capacitors under the energy company SOHIO’s licence for power-
saving units in electronics, and this application can be considered as 
the starting point for electrochemical capacitor use in commercial 
devices9. New applications in mobile electronics, transportation 

(cars, trucks, trams, trains and buses), renewable energy production 
and aerospace systems10 bolstered further research.

MECHANISM OF DOUBLE-LAYER CAPACITANCE
EDLCs are electrochemical capacitors that store the charge 
electrostatically using reversible adsorption of ions of the electrolyte 
onto active materials that are electrochemically stable and have high 
accessible SSA. Charge separation occurs on polarization at the 
electrode–electrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C ord
  A

C/A d
  (1)

where r is the electrolyte dielectric constant, 0 is the dielectric 
constant of the vacuum, d is the effective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

This capacitance model was later refined by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a diffuse layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. The double layer capacitance is between 5 and 20 µF cm–2 
depending on the electrolyte used11. Specific capacitance achieved 
with aqueous alkaline or acid solutions is generally higher than in 
organic electrolytes11, but organic electrolytes are more widely used as 
they can sustain a higher operation voltage (up to 2.7 V in symmetric 
systems). Because the energy stored is proportional to voltage squared 
according to

 E = ½ CV2 (2)

a three-fold increase in voltage, V, results in about an order of 
magnitude increase in energy, E, stored at the same capacitance.

As a result of the electrostatic charge storage, there is no faradic 
(redox) reaction at EDLC electrodes. A supercapacitor electrode must 
be considered as a blocking electrode from an electrochemical point 
of view. This major difference from batteries means that there is no 
limitation by the electrochemical kinetics through a polarization 
resistance. In addition, this surface storage mechanism allows very 
fast energy uptake and delivery, and better power performance. 
The absence of faradic reactions also eliminates the swelling in the 
active material that batteries show during charge/discharge cycles. 
EDLCs can sustain millions of cycles whereas batteries survive a few 
thousand at best. Finally, the solvent of the electrolyte is not involved 
in the charge storage mechanism, unlike in Li-ion batteries where it 
contributes to the solid–electrolyte interphase when graphite anodes 
or high-potential cathodes are used. This does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to –40 °C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices suffer from a limited energy density. This explains why 
today’s EDLC research is largely focused on increasing their energy 
performance and widening the temperature limits into the range 
where batteries cannot operate9.

HIGH SURFACE AREA ACTIVE MATERIALS
The key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satisfies all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, fibres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2a–d. Activated carbons are the most widely used 
materials today, because of their high SSA and moderate cost.

Activated carbons are derived from carbon-rich organic 
precursors by carbonization (heat treatment) in inert atmosphere 
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Figure 1 Specific power against specific energy, also called a Ragone plot, for 
various electrical energy storage devices. If a supercapacitor is used in an electric 
vehicle, the specific power shows how fast one can go, and the specific energy 
shows how far one can go on a single charge. Times shown are the time constants of 
the devices, obtained by dividing the energy density by the power.
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with subsequent selective oxidation in CO2, water vapour or 
KOH to increase the SSA and pore volume. Natural materials, 
such as coconut shells, wood, pitch or coal, or synthetic materials, 
such as polymers, can be used as precursors. A porous network 
in the bulk of the carbon particles is produced after activation; 
micropores (<2 nm in size), mesopores (2–50 nm) and macropores 
(>50 nm) can be created in carbon grains. Accordingly, the porous 
structure of carbon is characterized by a broad distribution of 
pore size. Longer activation time or higher temperature leads to 
larger mean pore size. The double layer capacitance of activated 
carbon reaches 100–120 F g–1 in organic electrolytes; this value can 
exceed 150–300 F g–1 in aqueous electrolytes, but at a lower cell 
voltage because the electrolyte voltage window is limited by water 
decomposition. A typical cyclic voltammogram of a two-electrode 
EDLC laboratory cell is presented in Fig. 2e. Its rectangular shape 
is characteristic of a pure double layer capacitance mechanism for 
charge storage according to:

 (3)I = C ×  dV
dt

 (3)

where is the current, (dV/dt) is the potential scan rate and C is the 
double layer capacitance. Assuming a constant value for C, for a given 
scan rate the current I is constant, as can be seen from Fig. 2e, where 
the cyclic voltammogram has a rectangular shape.

As previously mentioned, many carbons have been tested for 
EDLC applications and a recent paper11 provides an overview of 

what has been achieved. Untreated carbon nanotubes17 or nanofibres 
have a lower capacitance (around 50–80 F g–1) than activated carbon 
in organic electrolytes. It can be increased up to 100 F g–1 or greater 
by grafting oxygen-rich groups, but these are often detrimental to 
cyclability. Activated carbon fabrics can reach the same capacitance 
as activated carbon powders, as they have similar SSA, but the high 
price limits their use to speciality applications. The carbons used in 
EDL capacitors are generally pre-treated to remove moisture and 
most of the surface functional groups present on the carbon surface 
to improve stability during cycling, both of which can be responsible 
for capacitance fading during capacitor ageing as demonstrated 
by Azais et al.18 using NMR and X-ray photoelectron spectroscopy 
techniques. Pandolfo et al.11, in their review article, concluded that 
the presence of oxygenated groups also contributes to capacitor 
instability, resulting in an increased series resistance and deterioration 
of capacitance. Figure 3 presents a schematic of a commercial EDLC, 
showing the positive and the negative electrodes as well as the separator 
in rolled design (Fig. 3a,b) and flat design (button cell in Fig. 3c).

CAPACITANCE AND PORE SIZE
Initial research on activated carbon was directed towards increasing 
the pore volume by developing high SSA and refining the activation 
process. However, the capacitance increase was limited even for 
the most porous samples. From a series of activated carbons with 
different pore sizes in various electrolytes, it was shown that there was 
no linear relationship between the SSA and the capacitance19–21. Some 
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Figure 2 Carbon structures used as active materials for double layer capacitors. a, Typical transmission electronic microscopy (TEM) image of a disordered microporous 
carbon (SiC-derived carbon, 3 hours chlorination at 1,000 °C). b, TEM image of onion-like carbon. Reproduced with permission from ref. 80. © 2007 Elsevier. c, Scanning 
electron microscopy image of an array of carbon nanotubes (labelled CNT) on SiC produced by annealing for 6 h at 1,700 °C; inset, d, shows a TEM image of the same 
nanotubes72. e, Cyclic voltammetry of a two-electrode laboratory EDLC cell in 1.5 M tetraethylammonium tetrafluoroborate NEt4

+,BF4
– in acetonitrile-based electrolyte, 

containing activated carbon powders coated on aluminium current collectors. Cyclic voltammetry was recorded at room temperature and potential scan rate of 20 mV s–1.
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