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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 bene! t from both the capacitor and the 
battery properties.

Electrochemical capacitors currently ! ll the gap between batteries 
and conventional solid state and electrolytic capacitors (Fig. 1). " ey 
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 (1,000Ð2,000 m2 gÐ1) 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. " e 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 ! ndings as 
well as an analysis of what the future holds for ECs.

ELECTROCHEMICAL DOUBLE-LAYER CAPACITORS

" e ! rst patent describing the concept of an electrochemical capacitor 
was ! led in 1957 by Becker9, who used carbon with a high speci! c 
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 SOHIOÕs 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 
electrodeÐelectrolyte interface, producing what Helmholtz described 
in 1853 as the double layer capacitance C:

 C or
d

������
���� ���� A C/A

d
���� �������� ����  (1)

where �Er is the electrolyte dielectric constant, �E0 is the dielectric 
constant of the vacuum, d is the e#ective thickness of the double layer 
(charge separation distance) and A is the electrode surface area.

" is capacitance model was later re! ned by Gouy and Chapman, 
and Stern and Geary, who suggested the presence of a di#use layer in 
the electrolyte due to the accumulation of ions close to the electrode 
surface. " e double layer capacitance is between 5 and 20 µF cmÐ2 
depending on the electrolyte used11. Speci! c 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 = $  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. " is major di#erence 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. 
" e 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 solidÐelectrolyte interphase when graphite anodes 
or high-potential cathodes are used. " is does not limit the choice 
of solvents, and electrolytes with high power performances at low 
temperatures (down to Ð40 ¡C) can be designed for EDLCs. However, 
as a consequence of the electrostatic surface charging mechanism, 
these devices su#er from a limited energy density. " is explains why 
todayÕs 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
" e key to reaching high capacitance by charging the double layer is 
in using high SSA blocking and electronically conducting electrodes. 
Graphitic carbon satis! es all the requirements for this application, 
including high conductivity, electrochemical stability and open 
porosity12. Activated, templated and carbide-derived carbons13, 
carbon fabrics, ! bres, nanotubes14, onions15 and nanohorns16 have 
been tested for EDLC applications11, and some of these carbons are 
shown in Fig. 2aÐd. 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 SpeciÞc power against speciÞc energy, also called a Ragone plot, for 
various electrical energy storage devices. If a supercapacitor is used in an electric 
vehicle, the speciÞc power shows how fast one can go, and the speciÞc 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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FIGURE 4 | Electron microscopy images of high surface area carbon materials: (a) scanning electron microscopy (SEM) of micron-scale
micro-/meso-/macro-porous CDC (Reproduced with permission from Ref 12. Copyright 2006, Elsevier), (b) SEM of mesoporous silica-templated CDC
(Reproduced with permission from Ref 13. Copyright 2011, John Wiley and Sons, Ltd), (c) SEM of AC particles, (d) SEM of ZTC (Reproduced with
permission from Ref 14. Copyright 2010, American Chemical Society), (e) SEM of multilayer graphene ßakes (Reproduced from Ref 15. Copyright
2011, Wiley-VCH), (f) transmission electron microscopy (TEM) of carbon onions. (Reproduced with permission from Ref 16. Copyright 2007,
Elsevier)
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FIGURE 5 | SEM micrographs of high surface area carbon materials: (a) AC fabrics (Reproduced with permission from Ref 17. Copyright 2013,
John Wiley and Sons, Ltd), (b) AC Þbers (Reproduced with permission from Ref 17. Copyright 2013, John Wiley and Sons, Ltd), (c) CNT fabric, (d and e)
vertically aligned CNT forest (Reproduced with permission from Ref 18. Copyright 2013, John Wiley and Sons, Ltd), (f) randomly oriented CNTs within
CNT paper mats. (Reproduced with permission from Ref 19. Copyright 2012, Royal Society of Chemistry)

(2) chemical. Production of ACs by physical activation
involves carbonization of a precursor (removal of
noncarbon species by thermal decomposition in inert
atmosphere) and gasiÞcation (development of porosity
by partial etching of carbon during the annealing
with an oxidizing agent, such as CO2, H2O, or

a mixture of both). 50,51 Production of ACs by
chemical activation generally involves the reaction
of a precursor with a chemical reagent (such as
KOH, 52Ð56 H3PO4,

57 ZnCl 2,
58 H2SO4,

59 among a
few) at elevated temperatures and generally results
in smaller pores, more uniform pore size distribution

! 2013 John Wiley & Sons, Ltd.
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(2) chemical. Production of ACs by physical activation
involves carbonization of a precursor (removal of
noncarbon species by thermal decomposition in inert
atmosphere) and gasiÞcation (development of porosity
by partial etching of carbon during the annealing
with an oxidizing agent, such as CO2, H2O, or

a mixture of both). 50,51 Production of ACs by
chemical activation generally involves the reaction
of a precursor with a chemical reagent (such as
KOH, 52Ð56 H3PO4,

57 ZnCl 2,
58 H2SO4,

59 among a
few) at elevated temperatures and generally results
in smaller pores, more uniform pore size distribution

! 2013 John Wiley & Sons, Ltd.
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TABLE 1 Electrochemical Performance of Activated Carbon in EDLCs

Precursor

Activation

Method

BET-SSA

(m2 g! 1)

Reported

Capacitance

(F g! 1)/Cell Type Electrolyte Ref

Ñ Physical-H2O 2240 240/2 symm Organic
electrolyte

1.2 M TEABF4 in
acetonitrile (AN)

50

Ñ Physical-CO2 1050 52/2 symm 1M TEABF4 in
polycarbonate (PC)

51

Melamine mica 30% HNO3 then
ammonia treatment

3487 148/2 symm 1M TEABF4 in PC 65

Wood sawdust Chemical-KOH 2967 236/2 symm 1M TEABF4 in AN 27

Pitch CF Chemical-KOH 770 46/2 symm TEABF4 in PC 66

Poly(vinylidene chloride)
(PVDC)

Chemical-KOH 2050 38/2 symm 1M TEABF4 in PC 54

Ñ Chemical-KOH 2500 110/2 symm 1M TEABF4 in AN 64

Polyvinyl alcohol Chemical-KOH 2218 115/2 symm 1M Et3MeNBF4 in PC 49

Polyvinyl alcohol Chemical-KOH 2218 147/2 symm 1M LiPF6 in EC-DEC 49

Phenol formaldehyde resin Chemical-KOH/ZnCl2 2387 142/2 symm 1M Et3MeNBF4 in PC 67

Polybenzimidazol Chemical-N2 1220 23/2 symm 0.8M TEABF4 in PC 68

Lignocellulosic materials Ñ 2300 95/2 symm 1.5 M TEABF4 in AN 61

Lignocellulosic materials Ñ 2315 125/2 symm 1.7M N(C2H5)4CH3SO3

in AN
62

Polyacrylonitrile (PAN) Ñ 1340 66/2 symm 1 M LiPF6 in EC-DEC 69

PAN Ñ 1340 90/2 symm 1 M TEABF4 in PC 70

Coconut shell Ñ 1692 22/2 symm 1 M LiClO4 in PC 71

Pitch CF Ñ 1000 21/2 symm 1 M LiClO4 in PC 71

Pitch CF Ñ 1500 24/2 symm 1 M LiClO4 in PC 71

Phenol resin Ñ 1232 3/2 symm 1 M LiClO4 in PC 71

Phenol resin Ñ 1542 18/2 symm 1 M LiClO4 in PC 71

Pitch Ñ 1016 1/2 symm 1 M LiClO4 in PC 71

Pitch Ñ 1026 2/2 symm 1 M LiClO4 in PC 71

Sulfonated
poly(divinylbenzene)

physical-CO2 2420 206/3 Aqueous
electrolyte

2M H2SO4 aq. sol. 47

Rubber wood sawdust physical-CO2 913 138/2 symm 1M H2SO4 aq. sol. 72

Poly (amide imide) Physical-CO2 1360 196/3 6M KOH aq. sol. 73

Pitch Þber Physical-H2O 880 28/2 symm 1M KCl aq. sol. 74

Coconut shell Chemical-Melamine and
urea

804 230/2 symm 1M H2SO4 aq. sol. 75

Melamine mica Chemical-30% HNO3

then ammonia
treatment

86 115/2 symm 1M H2SO4 aq. sol. 65

Phenolic resin Chemical- 2M HNO3 Ñ 60/2 symm 6M KOH aq. sol. 76

graphite Chemical- HNO3/H2SO4

(1:1)
Ñ 1071/3 0.1M KOH aq. sol. 59

Rice husk Chemical- H2SO4 Ñ 175/3 6M KOH aq. sol. 40

Wood sawdust Chemical-KOH 2967 143/2 symm 6M KOH aq. sol. 27

Eggshell Chemical-KOH 221 297/3 6M KOH aq. sol. 41

polystyrene Chemical-KOH 2350 258/3 6M KOH aq. sol. 77

! 2013 John Wiley & Sons, Ltd.

carbon source

inert atmosphere

600-9005

CO2, steam
250-12005

KOH or H3PO4

400-9005

WIREs Energy Environ 2013. doi: 10.1002/wene.102 
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Carbide Derived Carbon Fibers
Formation of carbide nanofibers or nanofiber mats
has opened the opportunity for the formation of CDC
(nano)fibers153 with enhanced power characteristics.
CDC nanofibers produced from SiC precursor fibers
demonstrated a BET SSA of 1050 m2/g and a pore
volume of 0.53 cm3/g.128 Their specific capacitance
in TEATFB electrolyte reached only 78 F/g, which
was 25% lower than that of micron-sized SiC-
CDC powder tested at identical conditions.128

TiC nanofibers prepared using a combination of
electrospinning and carbo-thermal reduction allowed
formation of TiC-CDC nanofibers with 100–200 nm
diameters, BET SSA of up to 1390 m2/g and pore
volume of up to 1.5 cm3/g.147 While their specific
capacitance was found not to exceed 65 and 100 F/g in
TEATFB and H2SO4-based electrolytes, respectively,
they showed improved capacity retention at faster
sweep rate and higher current densities than TiC-CDC
produced from conventional powders.147 A likely
reason for the small capacitance values observed is
the presence of amorphous carbon in the initial TiC
precursor fibers.

Template-Assisted Synthesis of Carbide Derived
Carbon
In EDLC electrodes composed of micron-size
particles, the ion transport within individual particles
may largely govern the EDLC’s overall power
storage and the charge–discharge time.1 While
regular CDC powder allows one to achieve high
gravimetric and volumetric capacitance in organic
electrolytes,110,115,122,133,148 the slow ion transport
in small curved micropores leads to a moderate
rate of charge and discharge. Decreasing the size
of the particles to 20–200 nm dimensions by
synthesizing CDC nanopowder or felt128,145,147 makes
the electrode preparation more challenging, reduces
the volumetric capacitance and electrical conductance
of the electrode and at the same time does not
provide a break-through improvement in power
characteristics of the EDLCs because small curved
mesopores between individual nanoparticles impede
the ion transport within the electrode.

A more promising approach for power
enhancement may include the formation of CDC
powder with a combination of straight mesopore
channels for fast ion transport and subnanometer
pores in the volume between the large channels for
high specific capacitance.13,126,127 So far, formation of
such CDC has been demonstrated from mesoporous
SiC precursor, prepared using mesoporous SiO2
template and polycarbosilane precursor13,126,127

(Figure 7). While CDC produced from nonporous

Chlorination
of SiC

SiO2 etching
in HF

Infiltration with 
polycarbosilane
and pyrolysis

SBA-15: mesoporous SiO2

Mesoporous SiC: 
inverse replica of SBA-15 

CDC: inverse replica of SBA-15 

Microporous 
CDC nanorods

Large mesopores between the nanorods 
for rapid electrolyte transport

FIGURE 7| Schematic of the formation of CDC with dual pore size
distributionÑordered mesopores for rapid ion transport and rapid
charging of EDLCs and small disordered micropores for high volumetric
capacitance. (Reproduced with permission from Ref 127. Copyright
2010, American Chemical Society)

SiC micropowder require at least 900 ! C for complete
chlorination108,154 mesoporous SiC powder can be
completely transformed into CDC at temperatures
below 700 ! C, and exhibits BET SSA in the range
of 2250–2729 m2/g and pore volume in the range
of 1.4–2.0 cm3/g.13,126,127 The produced SiC-CDC
exhibits impressive capacitance of up to 170 F/g
(64 F/cm3) in TEATFB-based organic electrolyte,127

up to 180 F/g (and up to 51 F/cm3) in 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMITFB) ionic
liquid electrolyte at room temperature and up
to 200 F/g (68 F/cm3) in 1 M H2SO4.

13 More
importantly, the preparation and application of
templated CDC overcame the present limitations
of nonaccessible surface because of bottle necks
and poor control over the pore size distribution
in the carbons currently used, and showed a route
for further performance enhancement. The ordered
mesoporous channels in SiC-CDC allow for very fast
ionic transport into the bulk of the CDC particles,
thus leading to an excellent frequency response
and outstanding capacity retention at high current
densities. The enhanced transport led to 85 and
90% capacity retention at current densities increasing
from 0.1 to " 20 A/g in organic127 and aqueous13

electrolytes, respectively. This is even higher than what
was observed in CDC nanofiber felts.

Zeolite-Templated Carbons
Microporous zeolite-templated carbons (ZTCs) are
produced by carbon deposition on zeolite templates
followed by the removal of zeolite. A first publication

! 2013 John Wiley & Sons, Ltd.
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Figure 1.1.2 Representation of (a) reduction and (b) oxidation process of a species, A, in
solution. The molecular orbitals (MO) of species A shown are the highest occupied MO and the
lowest vacant MO. These correspond in an approximate way to the E¡s of the A/A~ and A+/A
couples, respectively. The illustrated system could represent an aromatic hydrocarbon (e.g.,
9,10-diphenylanthracene) in an aprotic solvent (e.g., acetonitrile) at a platinum electrode.

Consider a typical electrochemical experiment where a working electrode and a ref-
erence electrode are immersed in a solution, and the potential difference between the elec-
trodes is varied by means of an external power supply (Figure 1.1.3). This variation in
potential, £, can produce a current flow in the external circuit, because electrons cross the
electrode/solution interfaces as reactions occur. Recall that the number of electrons that
cross an interface is related stoichiometrically to the extent of the chemical reaction (i.e.,
to the amounts of reactant consumed and product generated). The number of electrons is
measured in terms of the total charge, Q, passed in the circuit. Charge is expressed in
units of coulombs (C), where 1   is equivalent to 6.24 X 1018 electrons. The relationship
between charge and amount of product formed is given by Faraday's law; that is, the pas 
sage of 96,485.4   causes 1 equivalent of reaction (e.g., consumption of 1 mole of reac 
tant or production of 1 mole of product in a one electron reaction). The current, /, is the
rate of flow of coulombs (or electrons), where a current of 1 ampere (A) is equivalent to 1
C/s. When one plots the current as a function of the potential, one obtains a current poten 
tial (i vs. E) curve. Such curves can be quite informative about the nature of the solution
and the electrodes and about the reactions that occur at the interfaces. Much of the re 
mainder of this book deals with how one obtains and interprets such curves.
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level regions, the current is limited by mass transfer rather than heterogeneous kinet 
ics. The exponential factors in (3.4.10) are then moderated by the factors C Q(0, 0/ Q)*
and C R(0, t)IC^, which manifest the reactant supply.

3.4.3 Approximate Forms of the I I J Equation

(a) No Mass Transfer Effects
If the solution is well stirred, or currents are kept so low that the surface concentrations do
not differ appreciably from the bulk values, then (3.4.10) becomes

(3.4.11)

which is historically known as the Butler Volmer equation. It is a good approximation of
(3.4.10) when /  is less than about 10% of the smaller limitin g current, / / c or / / a. Equa 
tions 1.4.10 and 1.4.19 show that Co(0, i)IC% and CR(0, 0/ CR wil l then be between 0.9
and 1.1.

The curves in Figure 3.4.2 show the behavior of (3.4.11) for different exchange cur 
rent densities. In each case a = 0.5. Figure 3.4.3 shows the effect of a in a similar man 
ner. There the exchange current density is 10~6 A/ cm2 for each curve. A notable feature
of Figure 3.4.2 is the degree to which the inflection at    depends on the exchange cur 
rent density.

Since mass transfer effects are not included here, the overpotential associated with
any given current serves solely to provide the activation energy required to drive the het 
erogeneous process at the rate reflected by the current. The lower the exchange current,
the more sluggish the kinetics; hence the larger this activation overpotential must be for
any particular net current.

6.1.2 Electrode Polarization

In the electrochemical literature, the concept of electrode polarizationhas three
meanings:

1. The phenomenon of change in electrode potential under current ßow
2. An operation performed by the experimenter aiming at obtaining a potential

change by passing current of a suitable strength and direction
3. The quantitative measure,! E, of the shift of electrode potential E relative to

the equilibrium value E0 that occurs under current ßow [cf. Eq. (2.21)]

In the case of anodic currents, the potential shifts in a positive direction, and ! E
has positive values; in the case of cathodic currents,! E has negative values. In expres-
sions such as Òhigh polarizationÓ and Òthe polarization increases,Ó the absolute value
of polarization denoted simply as ! E is implied in the case of cathodes.

The value of polarization deÞned by Eq. (2.21) is referred to a calculated value of
equilibrium potential of the reaction, rather than to the electrodeÕs e! ective open-
circuit potential, when the latter is not the equilibrium potential. Sometimes a ther-
modynamic calculation of the equilibrium potential is not possible: for instance,
when several electrode reactions occur simultaneously. In this case one either uses,
conditionally, the concept of a polarization which via Eq. (2.21) refers to the
e! ective open-circuit potential, or (since the latter is often irreproducible) one sim-
ply discusses electrode potentials at speciÞed current densities rather than the poten-
tial shift away from some original value.

When currents ßow in galvanic cells, the polarization phenomena that arise at any
one of the two electrodes are independent of the properties of the second electrode
and of the processes occurring there. Therefore, when studying these phenomena,
one considers the behavior of each electrode individually.

6.1.3 Overall and Partial Reaction Currents

It had been shown in Section 2.2 that at the equilibrium potential, the net (external)
current density i is zero, but partial current densities i

"
and i

#
of the anodic and cathodic

reaction exist for which the relation i
"

! i
#

! i 0 holds where i0 is the exchange current
density. The value of i

"
increases, that of i

#
decreases, when the potential is made more

positive; but i
"

decreases and i
#

increases when the potential is made more negative.
The net current density i is the di! erence of the partial current densities:

i ! i
"

" i
#

# (6.1)

When anodic polarization is appreciable, the reverse (cathodic) partial CD becomes
exceedingly low and practically, we can assume that i ! i

"
; when cathodic polarization

is appreciable, we can assume that i ! i
#

. Thus, the total range of potential can be
divided into three regions: one region at low values of polarization (to both sides of
the equilibrium potential), where the two partial reactions occur at comparable rates,
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while

i ! i 0!exp""! R
"
T
E

" ## exp""# #
RT

" E
" #$ (6.13)

is an equation that holds for the net CD over the entire potential range. Equations of
this type are often called VolmerÐButler equations.

It follows when Eqs. (6.5) and (6.12) are compared that the value of the empiri-
cal constant a in the Tafel equation is given by

a! # "
!
R
F
T

" ln i 0. (6.14)

Equations (6.9) and (6.10), which contain the rate constants, the electrode poten-
tial, and the concentrations, are equivalent to Eqs. (6.12) and (6.13), which contain the
exchange CD and the electrodeÕs polarization. But in the second set of equations the
concentrations do not appear explicitly; they enter the equations through the values of
exchange CD and equilibrium potential. By convention, equations of the former type
will be called kinetic equations, and those of the latter type will be called polariza-
tion equations.

Polarization equations are convenient when (1) the measurements are made in
solutions of a particular constant composition, and (2) the equilibrium potential is
established at the electrode, and the polarization curve can be measured both at high
and low values of polarization. The kinetic equations are more appropriate in other
cases, when the equilibrium potential is not established (e.g., for noninvertible reac-
tions, or when the concentration of one of the components is zero), and also when
the inßuence of component concentrations on reaction kinetics is of interest.

6.2.4 Relations Between the Parameters of the Forward and 
Reverse Process

Di! erent electrode reactions will occur independently, and their kinetic coe" cients
are unrelated. But for the forward and reverse process of a given reaction, such a cor-
relation should exist, since at the equilibrium potential the corresponding partial cur-
rent densities assume equal values.

Solving Eq. (6.11) for E0, we Þnd that

E! E0$ "
(! $

RT
#)F
" "ln "

k
k

r

o

e

x

d
" $ ln "

c
c

r

o

e

x

d
" #. (6.15)

This equation can be compared with the thermodynamic Nernst equation for the
equilibrium potential of the system concerned, which when written in terms of the
component concentrations is

E0 ! E0$ "
R
nF

T
" ln "

c
c

r

o

e

x

d
" . (6.16)

86 POLARIZATION OF ELECTRODES

C06.qxd  10/29/2005  11:59 AM  Page 86



9$#:'#&(":)$##"3 
2$*3()6":)3
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component at any value of x arising from a flow of species j . Equation 4.1.11 can then be
written as

(4.1.12)J ´ A ´ A

with

  

(4.1.13)

(4.1.14)

where / ^j and / mj are diffusion and migration currents of species 7, respectively.
At any location in solution during electrolysis, the total current, i, is made up of con 

tributions from all species; that is,

or

F2A (4.1.16)

where the current for each species at that location is made up of a migrational component
(first term) and a diffusional component (second term).

We will now discuss migration and diffusion in electrochemical systems in more de 
tail. The concepts and equations derived below date back to at least the work of Planck
(1). Further details concerning the general problem of mass transfer in electrochemical
systems can be found in a number of reviews (2 6).

4.2 MIGRATION

In the bulk solution (away from the electrode), concentration gradients are generally
small, and the total current is carried mainly by migration. All charged species contribute.
For species j in the bulk region of a linear mass transfer system having a cross sectional
area  ,   = / mj or

H = ~^f Tx (4 2.1)

The mobility of species y, defined in Section 2.3.3, is linked to the diffusion coefficient by
the Einstein Smoluchowski equation:

"i  RT
(4.2.2)

hence   can be reexpressed as

ij = |zj|FAwjC ĵ  (4.2.3)

For a linear electric field,

d4z = ^ r (4.2.4)

;(",#'#)' <=#>&'=#"-8%$*;/$,1.$4$

"#$%&'()*+',-*./*0012*.

4
Mass Transfer in Electrolytes

It was shown in Section 1.8 that in addition to ion migration, di! usion and convec-
tion ßuxes are a substantial part of mass transport during current ßow through elec-
trolyte solutions, securing a mass balance in the system. In the present chapter these
processes are discussed in more detail.

4.1 BASIC LAWS OF IONIC DIFFUSION IN SOLUTIONS

In multicomponent systems such as solutions, di! usion will arise when at least one of
the components is nonuniformly distributed, and its direction will be such as to level
the concentration gradients. The di! usion ßux (in the direction of decreasing con-
centrations) is proportional to the concentration gradient of the di! using substance:

Jd, j ! Dj grad cj (4.1)

(FickÕs Þrst law, 1855). The proportionality factor Dj is called the di! usion coe" cient
of the substance concerned (units: cm2/s). In the di! usion of ions in solutions, Eq. (4.1)
is obeyed only at low concentrations of these ions. At higher concentrations the pro-
portionality between ßux and concentration gradient is lost (i.e., coe" cient Dj ceases
to be constant).

A possible reason for the departures from FickÕs Þrst law is the fact that the
di! usion process tends to level chemical potentials (thermodynamic activities)
rather than concentrations of the substances involved. Hence, the equation some-
times is written as

Jd, j ! Da, j grad aj. (4.2)

However, even in this form the equation does not provide a su" ciently accurate
description of the experimental results in solutions unless these are highly dilute, and
again coe" cient Da, j is not constant when the concentration is varied. This is due to
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The velocity of migration corresponding to unit Þeld strength (1 V/cm) is called
the mobility of the ions uj:

uj ! !E
! j

! " !
!
1

! zj F. (1.8)

The expression for the migration ßux density becomes

Jj " cjujE. (1.9)

By deÞnition the partial current density ij is the number of charges that in unit
time cross the unit cross-sectional area due to the migration of ions j; that is,

ij " zj FJj " zjFcjujE. (1.10)

In electrolyte solutions the positively and negatively charged ions will move in
opposite directions when an electric Þeld is applied. Therefore, outwardly the e! ect
of motion of positive ions is exactly the same as that of the motion of negative ions,
and the total current density is the sum of the partial currents due to transport of each
type of ion:

i " " ij " F E " zjcjuj. (1.11)

We can see when comparing Eqs. (1.4) and (1.11) that a conductor’s conductiv-
ity depends on the concentrations and the mobilities of all types of ions:

" " F" zjcjuj. (1.12)

The fraction of current transported by ions of a given type is called the transport
number tj of these ions:

tj " !
i
i
j! " !"

z
z
jc

jc
ju

ju
j

j
! . (1.13)

It is obvious that 0 # tj # 1 and " tj " 1. For conductors with a single type of ion, the
transport number of these ions is unity. For conductors with di! erent types of ions,
the individual transport number of a given ion depends on the concentrations and
mobilities of all ions.

For the conductivity of a binary electrolyte solution with the degree of dissocia-
tion #, we have, according to Eq. (1.12),

" " #zkckF(u $ u%). (1.14)
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Function
generator Potentiostat

E controlled

Figure 5.1.1
Experimental arrangement
for controlled potential

i(t)  measured experiments.

alternatively as an active element whose job is to force through the working electrode
whatever current is required to achieve the desired potential at any time. Since the cur 
rent and the potential are related functionally, that current is unique. Chemically, it is
the flow of electrons needed to support the active electrochemical processes at rates
consistent with the potential. Thus the response from the potentiostat (the current) actu 
ally is the experimental observable. For an introduction to the design of such apparatus,
see Chapter 15.

Figure 5.1.2a is a diagram of the waveform applied in a basic potential step experi 
ment. Let us consider its effect on the interface between a solid electrode and an unstirred
solution containing an electroactive species. As an example, take anthracene in deoxy 
genated dimethylformamide (DMF). We know that there generally is a potential region
where faradaic processes do not occur; let E\ be in this region. On the other hand, we can
also find a more negative potential at which the kinetics for reduction of anthracene be 
come so rapid that no anthracene can coexist with the electrode, and its surface concentra 
tion goes nearly to zero. Consider E2 to be in this "mass transfer limited" region. What is
the response of the system to the step perturbation?

First, the electrode must reduce the nearby anthracene to the stable anion radical:

An +  e —> An* (5.1.1)

This event requires a very large current, because it occurs instantly. Current flows subse 
quently to maintain the fully reduced condition at the electrode surface. The initial reduc 
tion has created a concentration gradient that in turn produces a continuing flux of
anthracene to the electrode surface. Since this arriving material cannot coexist with the
electrode at E2, it must be eliminated by reduction. The flux of anthracene, hence the cur 

j _

   

t3 > t2 > f 1 > 0

0 t 0 x 0 t

(a) (b) (c)

Figure 5.1.2 (a) Waveform for a step experiment in which species   is electroinactive at E\ , but
is reduced at a diffusion limited rate at Ei  (b) Concentration profiles for various times into the
experiment, (c) Current flow vs. time.



Activation + concentration  
polarisation

within the di! usion layer. The anion is not discharged, and its distribution in the
di! usion layer is determined by the equilibrium condition of µ! S,A ! µ! V,A. Substituting
into this expression the electrochemical potential as a function of electrode potential
and of anion concentration cA ! ! " ck , we find that

" Emeas! 2#
R
nF

T
# ln #c

c
V

S,

,

k

k
# . (6.32)

Comparing this expression with the value of concentration polarization according
to Eq. (6.27), we readily notice that in binary solutions the measured value of polar-
ization is two times higher than that found for the same concentration gradient of the
reactant ion when there is an excess of foreign electrolyte (we recall that according
to the results of Section 4.3, the limiting CD in binary solutions is also higher by the
same factor).

We can also calculate the individual values of #d (with the equations reported
in Section 5.2) and of #ohm by determining the concentration distribution in the
di! usion layer, and from this, the distribution of solution conductivity. The resulting
combined value of # coincides with the value determined from Eq. (6.32).

6.4 SUPERPOSITION OF CONCENTRATION AND 
ACTIVATION POLARIZATION

The kinetic and polarization equations described in Sections 6.1 and 6.2 have been
derived under the assumption that the component concentrations do not change during
the reaction. Therefore, the current density appearing in these equations is the kinetic
current density ik. Similarly, the current density appearing in the equations of Section
6.3 is the di! usion current density id. When the two types of polarization are e! ective
simultaneously, the real current density i (Fig. 6.6, curve 3) will be smaller than cur-
rent densities ik and id (Fig. 6.6, curves 1 and 2) for a given value of polarization.

SUPERPOSITION OF CONCENTRATION AND ACTIVATION POLARIZATION 93

FIGURE 6.6 Plots of i vs. " E for activation (1), concentration (2), and combined (3)
polarization.
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3.3. Electrolyte composition

The SEI composition and contents are a direct consequence of
the electrolyte composition. Thermodynamic instability and kinetic
reactivity of the electrolyte culminates into the SEI. Some features
can be derived from Table 1 . For example, lithium alkoxides appear
in the SEI formed in ether electrolytes, semicarbonates and Li 2CO3

appear in SEI formed in carbonate electrolytes (EC and PC) [15] ,
while lithium formate occurs in SEI formed in methyl formate
electrolyte [19] . The decomposition products of various solvents
depend on the solvents dielectric constant, polarity, reactivity [19] ,
viscosity [14] , etc. These parameters are also vital selection crite-
ria of the solvents for suitable electrolytes. Reactivity of common
carbonate based electrolytes are in the order EC > PC > DMC > DEC
[19] .

A study speciÞcally on EC and PC showed that when the EC
or PC concentration in the electrolyte is high, (CH 2OCO2Li)2 or
ROCO2Li are the major reduction products respectively. However
at low EC or PC concentration Li 2CO3 is the major reduction prod-
uct [15] . Presence of Li 2CO3 was extensively studied in the 1990s.
Most of the studies by AurbachÕs group [11,28,31,33] showed pres-
ence of Li 2CO3. In another study they showed that Li 2CO3 was
absent in the SEI formed in dry THF solution, but on addition of
water (>40 ppm) or PC (1 M), Li 2CO3 precipitates [15] . In contrast,
the studies in 2000s reported much less Li 2CO3 in the SEI owing
to more controlled conditions of analyses [16,27,34,35] . In gen-
eral, (CH 2OCO2Li)2 and Li 2CO3 are better passivating agents than
ROLi and ROCO2Li because they are less soluble in the solvents.
These studies were in close agreement with another study which
showed that EC reduction products are insoluble and hence more
passivating [11] . Further, on addition of reactive additives the reac-
tion pathways change depending on the nature of the additive
[11] . AurbachÕs group reported enhanced Li 2CO3 content in the SEI
and hence improved battery performance by using CO 2 as additive
[19,28] . The effect of additives in electrolyte has been reviewed by
Zhang [79] .

Rather more complicated chemistry occurs during the reduction
of salts. The correlation of the nature of salt with the composition
of SEI was studied by Aurbach et al. [80] . The system gets more
complex in the presence of HF, which appears in the electrolytes
containing ßuorinated salts like LiAsF 6, LiPF6, etc. Aurbach et al.
stated that Li 2CO3 in the SEI can disappear by reaction with HF in
the electrolytes containing LiPF 6 and LiBF4 [19,28] . Effect of addi-
tional HF on SEI was studied on LiPF 6 in EC:DMC electrolyte by
Sato et al. [81] . The main consequence of HF in the electrolyte is the
precipitation of LiF, which forms an integral inorganic part of the
SEI[18] . In order to predict the solvent reduction products and the
overpotential they required for their formation; Peled et al. [32] cal-
culated rate constants of reactions between solvated electrons with
salts and solvents of the electrolyte. They correlated these rate con-
stants to the potential at which the corresponding SEI component
would form. The main conclusion of this study was that materials
having low k (rate constant) need a higher overpotential for forma-
tion and thus form at lower potentials vs. Li/Li +, while those that
have high k are formed at higher potential vs. Li/Li +. This study illus-
trates the pronounced effect of kinetics on the SEI formation. Good
precursors or additives can enhance electrolyte reduction kinetics
resulting in a faster SEI formation.

3.4. Other factors

In addition to the chemical factors affecting SEI, the electro-
chemical conditions also play a signiÞcant role. Mode of cycling
[82] , mode of polarization (galvanostatic, potentiostatic cycling or
potential sweeps, etc.) [15,62] , and overpotential [32] are a few
to mention. Temperature during cycling, SEI formation, and bat-

Fig. 3. SEM of composite SFG6 (TIMCAL ¨ ) graphite electrode (90% graphite and 10%
PVDF-HFP binder): (a) pristine electrode and (b) electrode after one cycle vs. Li metal
in 1 M LiPF 6 in EC:DMC (1:1) electrolyte at C/10 rate.

tery storage is critical because it has a direct consequence on the
reaction kinetics [83] .

4. Characterization of SEI

Analyzing pristine SEI is a tedious task. Some of the fundamental
facts which make the SEI analysis a challenge are summarized in
this section. SEI is a very thin layer adhering to the active material
surface ( Fig. 3). It is almost impossible to demarcate the boundary
between the end of the SEI and beginning of the electrolyte. So, it is
always tricky to justify what thickness of the surface layer on carbon
one wishes to analyze. Peeling off the SEI from carbon surface too
is difÞcult and almost impossible to be performed precisely. In the
methods which measure the SEI along with the electrolyte or after
washing with solvents of the electrolyte, there is always an uncer-
tainty as to which component actually belongs to the SEI and which
one is from the electrolyte or is a side-product of the separation pro-
cedure. Moreover the functional groups and chemical composition
of the solvents and SEI components are very similar, thus differen-
tiating between the two is always difÞcult. It is unlikely that the SEI
preserves its pristine nature after steps of separation, washing, and
isolation. There are many possibilities of SEI components undergo-
ing modiÞcation and degradation during these procedures. Most of
the components of SEI are highly sensitive to contamination, air,
and humidity. ROCO 2Li and ROLi may convert to Li 2CO3 by react-
ing with CO 2 [29] . ROCO2Li reacts with water to form Li 2CO3, CO2,
and ROH [49] . Other alkyl lithium carbonates react with water to
form LiOH or Li 2CO3 [84] . Li reacts with O 2 to form Li 2O, Li2O2,
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tery storage is critical because it has a direct consequence on the
reaction kinetics [83] .

4. Characterization of SEI

Analyzing pristine SEI is a tedious task. Some of the fundamental
facts which make the SEI analysis a challenge are summarized in
this section. SEI is a very thin layer adhering to the active material
surface ( Fig. 3). It is almost impossible to demarcate the boundary
between the end of the SEI and beginning of the electrolyte. So, it is
always tricky to justify what thickness of the surface layer on carbon
one wishes to analyze. Peeling off the SEI from carbon surface too
is difÞcult and almost impossible to be performed precisely. In the
methods which measure the SEI along with the electrolyte or after
washing with solvents of the electrolyte, there is always an uncer-
tainty as to which component actually belongs to the SEI and which
one is from the electrolyte or is a side-product of the separation pro-
cedure. Moreover the functional groups and chemical composition
of the solvents and SEI components are very similar, thus differen-
tiating between the two is always difÞcult. It is unlikely that the SEI
preserves its pristine nature after steps of separation, washing, and
isolation. There are many possibilities of SEI components undergo-
ing modiÞcation and degradation during these procedures. Most of
the components of SEI are highly sensitive to contamination, air,
and humidity. ROCO 2Li and ROLi may convert to Li 2CO3 by react-
ing with CO 2 [29] . ROCO2Li reacts with water to form Li 2CO3, CO2,
and ROH [49] . Other alkyl lithium carbonates react with water to
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