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Preface

Modern society is characterized by a constant need for energy. In the past century,
the majority of this energy has been supplied by fossil fuels. Fossil fuels are not
only used in the thermal generation of electricity, but oil products are also relied
upon for rapid transportation. The oil shock of 2008 and the concerns of possible
global climate change have brought into question this reliance on petroleum and
there has been a discernable shift towards developing technologies that can convert
alternative energy sources, such as solar, wind and nuclear into electricity. It is
just as important, however, to develop, at the same pace, technologies that can
store this energy in a portable form. Portable energy allows for the increasing
interconnectivity of people around the world through rapid communication and
transportation. The portable energy afforded by high energy density batteries has
not only made possible a variety of personal communication, entertainment and
computational devices, but has found use in biomedical implantable devices such
as pacemakers. Recently, this portable energy has also begun to influence battery
applications in transportation. The improvement of battery science and technology
is, therefore, a critical link in transitioning from fossil fuels to alternative energy
sources. In particular, the emerging field of nanotechnology promises not only
higher energy density batteries, but also rechargeable batteries with longer
lifetimes.

It is this need for high density energy storage devices that prompted us to edit
the present book. Although batteries are essential to everyone from a very young
age, their explicit study is not custom during college education. The present book,
therefore, starts out with an introductory chapter that familiarizes the reader with
the basic electrochemical processes and properties of batteries. In continuing,
Chapters 2 and 3 give a historic outline of the development of primary and second-
ary (rechargeable) batteries, where the highly preferred properties of Li batteries
are illustrated. To further motivate the reader about the importance of continuous
research on secondary Li chemistries, Chapter 4 describes the current and poten-
tial application of Li batteries, focusing on how they can be used for powering
electric vehicles. The remaining chapters, therefore, elaborate on technological
developments that are currently being undertaken for improving cathodes, anodes
and electrolytes for rechargeable Li batteries; the common characteristic of all
these components is their nanoscale structure. This book is, therefore, appropriate
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Preface

not only for advanced undergraduates and graduates, but also for battery develop-
ers (Chapters 4-8). Chapter 8 in particular is a collection of recent studies that are
concerned with the limited theoretical works of the last decade that try to predict,
using mechanics, the optimum materials chemistries for next generation anodes
and cathodes. Such theoretical considerations, must be accounted for, in order to
develop next-generation electrodes, as experiments and theory go hand in hand
for obtaining the most efficient product. And despite the fact that plethora experi-
mental studies are concerned with anode and cathode materials, theoretical works
that try to predict their damage during charging and discharging, by employing
known theoretical models, are well below twenty.

In fact, it was this attempt of interpreting damage and fracture in Li-electrodes
that initiated the collaboration of Katerina Aifantis and Stephen Hackney, 9 years
ago, when the latter posed this research problem to the former who was his under-
graduate student at the time. They soon realized that their theoretical predictions
were in agreement with experimental data and were in fact able to employ their
design criteria for fabricating promising Sn/C nanostructured anodes. This urged
them to make the importance of theoretical input known to a larger audience,
through publication of a book, and that is why the present book concludes with a
chapter devoted to theoretical issues of Li batteries. In searching for a third editor
that could contribute by providing more complete information on the operation
of electrochemical cells, they decided to ask R. Vasant Kumar, not only due to his
expertise, but also due to his thorough web-based lecture notes.

In order to ensure continuity throughout the book we wrote or co-wrote the
majority of the chapters ourselves and we constantly communicated with our
authors, whom we would like to gratefully acknowledge for their thoroughness
and promptness. In this connection we would like to thank Dr. Emmanuel
Stratakis of the IESL-FORTH, Crete, Greece, for providing SEM images of his
Si-microstructures on which Katerina E. Aifantis based the cover influenced by
the paintings of her artist mother. KEA would also to thank the European Research
Council (ERC Starting Grant 211166) for currently supporting her research on
nanostructured materials, including Li-anodes, as well as her mentor: Professor
E.C. Aifantis (father), and PhD advisors J.R. Willis & J.Th.M. De Hosson. The
Editors would also like to acknowledge use of materials from the University of
Cambridge web-based teaching and learning package on “Batteries”.

In concluding this preface we would like to mention that the past two decades
have not only seen considerable improvements in performance of the well-
established types of secondary batteries but also witnessed the introduction of new
types of batteries. Over the same period many new applications for such batteries
have also taken place in wide ranging applications. This is by no means the end
of the story. In the near future new chemistries may emerge within the secondary
battery technology resulting in applications we have not even imagined at this
stage.

Katerina E. Aifantis, Stephen A. Hackney, R. Vasant Kumar
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1
Introduction to Electrochemical Cells

R. Vasant Kumar and Thapanee Sarakonsri

1.1
What are Batteries?

The purpose of this chapter is to provide the basic knowledge on batteries, which
will allow for their general understanding. Therefore, after defining their compo-
nents and structure, an overview of the quantities that characterize these storage
devices will be given.

Scientifically batteries are referred to as electrochemical or galvanic cells, due to
the fact that they store electrical energy in the form of chemical energy and because
the electrochemical reactions that take place are also termed galvanic. Galvanic
reactions are thermodynamically favorable (the free energy difference, AG, is nega-
tive) and occur spontaneously when two materials of different positive standard
reduction potentials are connected by an electronic load (meaning that a voltage
is derived). The material with the lower positive standard reduction potential
undergoes an oxidation reaction providing electrons by the external circuit to the
material with the higher positive standard reduction potential, which in turn
undergoes a reduction reaction. These half reactions occur concurrently and allow
for the conversion of chemical energy to electrical energy by means of electron
transfer through the external circuit. It follows that the material with the lower
positive standard reduction potential is called the negative electrode or anode on
discharge (since it provides electrons), while the material with the higher positive
standard reduction is called the positive electrode or cathode on discharge (since
it accepts electrons).

In addition to the electrodes, the two other constituents that are required for
such reactions to take place are the electrolyte solution and the separator. The
electrolyte is an ion conducting material, which can be in the form of an aqueous,
molten, or solid solution, while the separator is a membrane that physically pre-
vents a direct contact between the two electrodes and allows ions but not electrons
to pass through; it therefore ensures electrical insulation for charge neutralization
in both the anode and cathode once the reaction is completed. Two final parts
required to complete a commercial galvanic cell are the terminals. They are neces-
sary when applying the batteries to electrical appliances with specific holder
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2 | 1 Introduction to Electrochemical Cells

Electron flow

Pip positive

terminal
—1 —1
&
Protruding Flat
negative negative
terminal terminal
(a) (b)

Figure 1.1  (a) The schematic diagram of a simple galvanic cell. (b) Terminal designs for
cylindrical batteries.

S

¥ +
— — 15V
15V 15V
5 5
® - 15V
(a) (b)

Figure 1.2 (a) An illustration of batteries connected in parallel to obtain double current.
(b) An illustration of batteries connected in series to obtain 3 V.

designs in order to prevent short-circuit by battery reverse installation, and they
are shaped so as to match the receptacle facilities provided in the appliances. For
example, in cylindrical batteries, the negative terminal is either designed so as to
be flat, or to protrude out of the battery end, while the positive terminal extends
as a pip at the opposite end. A simple galvanic cell is illustrated in Figure 1.1a,
while Figure 1.1b shows terminal designs for cylindrical batteries.

In order to meet the voltage or current used in specific appliances, cylindrical
galvanic cells are connected in series or parallel. Figures 1.2a, and b represent



1.2 Quantities Characterizing Batteries

/ T>Cathode Positive 446: Negat‘lve
Z Terminal

Termina —7
Electrolyte is
| “soaked in the /)
separator. '

-

Dry cell
(unit block)

—7‘ Separator
L/ Contact4—|

Strip
Anode

Figure 1.3  (a) Single-flat cell configuration; (b) composite flat cell configuration.

—® Steel Jacket

parallel and series connections; parallel connections allow for the current to be
doubled, while series connections allow for the voltage to be doubled.

In addition to cylindrical battery cells, as those shown in Figures 1.1 and 1.2,
flat battery configurations are also quite common. The biggest impetus for these
configurations came from the rapid growth of portable radios, since the flat cells
use the space of the battery box more efficiently than cylindrical cells. The elec-
trodes are made in the form of flat plates, which are suspended in the electrolyte
and are held immobilized in a microporous separator (Figure 1.3a). The separator
also helps in isolating the electrodes, preventing any short-circuiting whereby ions
can directly move internally between the anode and cathode. Short-circuiting will
result in capacity loss, parasitic reactions, and heat generation. This can also lead
to catastrophic situations causing fires, explosions, leakage of materials, and acci-
dents. The configuration of Figure 1.3a can be scaled up to very large sizes, for
high currents and large storage capacities, by placing each cell inside a plastic
envelope and stacking them inside a steel jacket. Connector strips are used to
collect and connect the positive and the negative electrodes to a common positive
and negative terminal; a sketch of such a cell compaction is shown in Figure 1.3b.

Both cylindrical and flat cells come in various sizes so that they can fit a wide
range of portable appliances and devices. Table 1.1 summarizes the various battery
sizes that are available commercially.

1.2
Quantities Characterizing Batteries

Upon operation of galvanic cells, meaning that the device is on power mode, it is
said that the galvanic cell is discharged and electrons flow, through an external
circuit, from the anode to the cathode, which as a result attains a negative, and
consequently cations are attracted from the anode to the cathode to which they
diffuse through the electrolyte. The electrochemical reactions that take place upon
operation of different batteries are shown in Table 1.2, whereas the quantities that
characterize batteries are defined in Table 1.3.

3
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1 Introduction to Electrochemical Cells

Table 1.1 Dimensions of commercially available battery

sizes [1].

Battery size Diameter (mm) Height (mm)
N 12 30.2

AAA 10.5 44.5

AA 14.5 50.5

C 26.2 50

D 34.2 61.5

F 32.0 91.0

Flat cells

Length (mm) Width (mm) Thickness (mm)
24 13.5 6.0

43 43 6.4

Rectangular cells
48.5 26.5 17.5

In order to better understand the differences between various materials chemis-
tries, some of the quantities in Table 1.3 are further elaborated in the following pages.

1.2.1
Voltage

The theoretical standard cell voltage, E%(cell) can be determined using the electro-
chemical series and is given by the difference between the standard electrode
potential at the cathode, E°(cathode), and the standard electrode potential at the
anode, E°(anode) [2] as

E°(cathode)— E°(anode) = E°(cell) (1.1)

The standard electrode potential, E°, for an electrode reaction, written (by conven-
tion) as a reduction reaction (i.e., involving consumption of electrons), is the
potential generated by that reaction under the condition that the reactants and the
products are in their standard state in relation to a reference electrode. (A reactant
or product is defined to be in its standard state when the component in a condensed
phase is at unit activity and any component in the gas phase is at a partial pressure
of 1 atmosphere.) In aqueous systems, the standard hydrogen potential is taken
as the universal reference electrode, whose potential is defined as zero. In practical
terms, the standard hydrogen electrode can be constructed by passing pure hydro-
gen at one atmosphere over an electrode of platinized platinum, where a high
surface area of platinum is deposited on a platinum foil or plate, which is dipped
into an acid solution of unit activity of H" ions, corresponding to 1M acid solution.
A list containing selected standard electrode potentials at 298K in an aqueous



Table 1.2 Standard electrode potentials in an aqueous
electrolyte at 298 K (written as reduction reactions by
convention).

1.2 Quantities Characterizing Batteries

Reaction

E (V)

Li*+e —> Li

Na*+ e — Na

Mg* +2e” - Mg

%H, + e — H~

Mn* + 2e” — Mn

MnO, + 2H,0 + 4 — Mn + 40H~
2H,0 + 2e- —» H, + 20H"

Cd(OH), + 2e” — Cd + 20H"

Zn* +2e” — Zn

Ni(OH), + 2¢~ — Ni + 20H"

Fe®* + 2e” — Fe

Cd* +2e = Cd

PbSO, +2e~ — Pb+SO%F

Ni** + 2e” — Ni

MnO, + 2H,0 + 4e- = Mn(OH), + 20H"~
2H" + 2 > H,

Cu* +e — Cu'

Ag,0 + H,O + 2e” — 2Ag + 20H"
Cu* +2e — Cu

O, + 2H,0 + 4e- —» 40H"~

2NiOOH + 2H,0 + 2¢” — 2Ni(OH), + 20H"
NiO, + 2H,0 + 2e~ — Ni(OH), + 20H"
MnO?% +2H,0+2e~ — MnO, + 40H"
2AgO + H,0 + 2e” — Ag,0 + 20H~
Fe** + e — Fe*

Hg” +2¢” - Hg

Ag'+e = Ag

2Hg™ + 2e” — Hg"

0, + 4H" + 4¢- — 2H,0

ZnO + H,0 + 2" —> Zn + 20H"

Cl, + 2" — 2CI

PbO, + 4H* + 2e- — Pb* + 2H,0
PbO, +SO% + 4H* +2e~ — PbSO, +2H,0
F, + 2e” — 2F

-3.10
-2.71
-2.36
-2.25
-1.18
—-0.98
—-0.83
—-0.82
-0.76
-0.72
—0.44
-0.40
—-0.35
-0.26
—-0.05

0.00
+0.16
+0.34
+0.34
+0.40
+0.48
+0.49
+0.62
+0.64
+0.77
+0.80
+0.80
+0.91
+1.23
+1.26
+1.36
+1.47
+1.70
+2.87

solution is given in Table 1.2. The batteries that make use of these materials as
electrodes will be described in the next chapter. It should be noted that the standard
electrode potential for a reaction defined arbitrarily as zero.

In order to obtain a true estimate of the actual open circuit cell voltage in the
fully charged state for operation of the battery, the theoretical cell voltage is modi-
fied by the Nernst equation, which takes into account the nonstandard state of the

reacting component as

E=E°~RTInQ

(1.2)
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Table 1.3 Battery characteristics [2].

Battery characteristics ~ Definition Unit
Open-circuit voltage Maximum voltage in the charged Volt (V)
state at zero current
Current Low currents are characterized by Ampere (A)
activation losses, while the maximum
current is normally determined by
mass transfer limitations
Energy density The energy that can be derived per Watt-hours per liter

Specific energy
density

Power density

Capacity

Shelf-life

unit volume of the weight of the cell

The energy that can be derived per
unit weight of the cell (or sometimes
per unit weight of the active electrode
material)

The power that can be derived per
unit weight of the cell

The theoretical capacity of a battery
is the quantity of electricity involved
in the electrochemical reaction

The time a battery can be stored

(Wh/dm’)

Watt-hours per kilogram
(Wh/kg)

Watt per kilogram (W/kg)

Ampere-hours per gram
(Ah/g).

Years

inactive before its capacity falls to 80%

Service life The time a battery can be used at

various loads and temperatures

Hours (usually normalized
for ampere per kilogram
(A/kg) and ampere per
liter (A/1%))

Cycle life The number of discharge/charge
cycles it can undergo before its

capacity falls to 80%

Cycles

where Q = Gproducts/Fproducts 1S the chemical quotient for the overall cell reaction and
R is the gas constant (R = 8.31 J/(kmol)). Q is represented in the same way as the
equilibrium constant K, except that the activities and partial pressures in Eq. (1.2)
reflect the actual nonstandard values prevailing in the system. For example, for
the electrode reaction

M* +2e =M (1.3)
the actual Nernstian electrode potential is
E=E0—RT1nuM/uMz+ (1.4)

The Nernstian potential in Eq. (1.4) will change with time due to the self-discharge
by which the activity (or concentration) of the electroactive component in the cell
is modified. Thus, the nominal voltage is determined by the cell chemistry at any
given point of time.
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The operating voltage produced is further modified as a result of discharge reac-
tions actually taking place and will always be lower than the theoretical voltage due
to polarization (http://www.msm.cam.ac.uk/Teaching/matlb/courseB/BH.pdf)
and the resistance losses (IR drop) of the battery as the voltage is dependent on
the current, I, drawn by an external load and the cell resistance, R, in the path of
the current. Polarization rises in order to overcome any activation energy for the
electrode reaction and/or concentration gradients near the electrode. These factors
are dependent upon electrode kinetics and, thus, vary with temperature, state of
charge, and with the age of the cell. Of course the actual voltage appearing at the
terminal needs to be sufficient for the intended application.

1.2.2
Electrode Kinetics (Polarization and Cell Impedance)

Before continuing to the other quantities indicated in Table 1.3, the electrode
kinetics, which as was previously shown affect the voltage, will be elaborated on.
Thermodynamics expressed in terms of the electrode potentials can tell us the
theoretical and open circuit cell voltage, as well as, how feasible it is for a cell
reaction to occur. However, it is necessary to consider kinetics in order to obtain
a better understanding of what the actual cell voltage may be, since the charge
transfer and the rates of the reactions at the electrodes are usually the limiting
factors. In continuing, therefore, the main kinetic issues that affect battery per-
formance are summarized.

1.2.2.1 Electrical Double Layer

When a metal electrode is in an electrolyte, the charge on the metal will attract
ions of opposite charge in the electrolyte, and the dipoles in the solvent will align.
This forms a layer of charge in both the metal and the electrolyte, called the electri-
cal double layer, as shown in Figure 1.4. The electrochemical reactions take place

Electrolyte

Positively Charged Electrode

Figure 1.4 lllustration of double layer [2].
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in this layer, and all atoms or ions that are reduced or oxidized must pass through
this layer. Thus, the ability of ions to pass through this layer controls the kinetics,
and is therefore the limiting factor in controlling the electrode reaction. The energy
barrier toward the electrode reaction, described as the activation energy of the
electrochemical reaction, lies across this double layer.

1.2.2.2 Rate of Reaction
The rates of the chemical reactions are governed by the Arrhenius relationship,
such that the rate of reaction, k, is

k o< exp(—Q/RT) (1.5)

where k is the activation energy for the reaction, T is the temperature in kelvin,
and R is the universal gas constant.

In this case the rate of the reaction can be measured by the current produced,
since current is the amount of charge produced per unit of time, and therefore
proportional to the number of electrons produced per unit of time, that is, pro-
portional to the rate of the reaction.

1.2.2.3 Electrodes Away from Equilibrium
When an electrode is not at equilibrium an overpotential exists, given by

n=E-E, (1.6)

where 7 is the overpotential, E is the actual potential, and E, is the equilibrium
potential.
Overpotential is used synonymously with polarization.

1.2.2.4 The Tafel Equation

The Tafel equation provides a relationship between the current and the overpo-
tential during the oxidation or reduction reaction of an electrode. Consider a
general reaction for the oxidation of a metal anode:

M — M +ze~ (1.7)
The rate of this reaction, k,, is governed by the Arrhenius relationship:
k, = Aexp(—Q/RT) (1.8)

where A is a frequency factor, which takes into account the rate of collision between
the electroactive species and the electrode surface. From Faraday’s law, one can
express the rate in terms of the exchange current density at the anode, i,

iy, = 2Fk, = zFKexp(—Q/RT) (1.9)

where F = 96540 C/mol is Faraday’s constant. If an overpotential is now applied
in the anodic direction, the activation energy of the reaction becomes

Q-azFn, (1.10)

where « is the “symmetry factor” of the electrical double layer, nominally 0.5.
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Therefore the anodic current density, i,, is
i, =2FKexp(-[Q —azFn,]/RT)=zFKexp(-Q/RT)exp(ozFn,/RT) (1.11)
which by Eq. (1.9) reduces to
i, =1y, exp(0izFn, /RT) (1.12)

Equation (1.12) is known as the Tafel equation. By taking natural logs and rear-
ranging, Eq. (1.12) can be written as

N =(RT/0ozF)In(i, /ig,) (1.13)
By setting RT/(0zF) = b, and Ini, = —a,/b,, Eq. (1.13) can be rewritten as

My = a4 + b, Ini, (1.14)
Or in terms of the anode potential, E,,

In(i,) =In(ig,)+ (E, — Ey)0zF/RT (1.15)
Solving Eq. (1.15) for E,, gives

E=b,log(i,/io.)+a, (1.16)

where b, is the anodic Tafel slope. Similarly, we can consider the reduction of
metal ions at a cathode:

M* +ze- > M (1.17)

The activation energy will be decreased by (1-0)zFn,, giving the cathodic current
density as

i, =iy, exp([1-a]zFn./RT) (1.18)
and

n. =(RT/([1-a]zF)In(i, /i, ) (1.19)
Therefore, the cathode potential, E,, is expressed as

E. =b.log(i. /iy, )+a. (1.20)

where b, is the cathodic Tafel slope. A typical representation of a Tafel plot—a plot
of log i vs E—is shown in Figure 1.5. Thus, for an applied potential, the current
density, i, can be found from the Tafel plot in an electrolytic cell when the battery
is being charged or discharged.

1.2.2.5 Example: Plotting a Tafel Curve for a Copper Electrode
Let us consider an electrode made of copper immersed in a half-cell containing
copper ions at a 1M concentration. The half-cell reaction for copper is

Cu™+2e —»Cu E°=+0.34V (1.21)

The exchange current density for the above reaction is i, = 1Am™, reflecting
the current density at zero overpotential, that is, at zero net reaction. Thus, the

9



10

1 Introduction to Electrochemical Cells

log i

Cathodic
slope

Anodic
slope

Figure 1.5 A typical Tafel plot [2], where i, is the exchange current density and E. the
equilibrium potential.
magnitude of the exchange current density is a reflection of the reversibility of a
given electrode reaction.

For the Tafel equation

n=a+blog(i)=a+blog(i/iy) (1.22)
the general expression for the Tafel slope is
b=(+)2.303RT/0:zF (1.23)

Taking T = 300K, and allowing for copper o= 0.5 and z = 2, the Tafel slopes are
calculated as b, = 0.059V/decade of current and b, = —0.059 V/decade of current.
Furthermore, for the anodic curve

Mo =Ei—Eo; Eo =Eo+ 1. (1.24)
and for the cathodic curve
Ne =E. —Eo; E. =Ep+ 1, (1.25)

The corresponding Tafel plot for copper is shown in the diagram of Figure 1.6.
For example, during discharge, if the redox reaction is in the direction opposite
of Eq. (1.21), where Cu is oxidized to copper ions into the solution, the electrode
potential will be less than 0.34V along the polarization line. The greater the operat-
ing current density, the lower the electrode potential. This in effect contributes to
the reduction in the cell potential during discharge as a result of overpotential
losses, signifying the energy barrier for the electron transfer reaction. On the other
hand, during charging, the electrode potential increases with the applied current,
thus, increasing the potential required for charging the cell back to its original
state (by electrochemical reduction in this example). For a faster charging rate, a
higher current density is desirable, but this can arise only at the expense of a
higher applied voltage (higher energy) in order to overcome the increasing
overpotentials.
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A Tafel Plot for a Copper Electrode Cu?* + 2e = Cu

logi
Cathodic Anodic
_ slope _ slope
(During charging) (During discharge)
|
|
:
. |/
o} 1
I
|
|
I

Figure 1.6 Tafel plot for a copper electrode [2].

1.2.2.6 Other Limiting Factors
At very high currents a limiting current may be reached as a result of concentra-
tion overpotential, 1.y, restricting mass transfer rates to the diffusion rate of the
electroactive species. A limiting current arises, which can be derived from Fick’s
first law of diffusion, under the condition that the electrode surface is depleted of
the ion and the recovery of the ion concentration is limited by ion transport
through the electrolyte diffusion boundary layer.

As the limiting current is diffusion limited, it can be determined by Fick’s law
of diffusion as

i, = zFDC/§ (1.26)

where i, is the limiting current density over a boundary layer, D is the diffusion
coefficient of metal cations in the electrolyte, C is the concentration of metal
cations in the bulk electrolyte, and §is the thickness of the boundary layer. Typical
values for Cu®* for example would be D = 2 x 10°m?s™, C = 0.05 x 10*kgm™,
8= 6% 10 m; these values give i; = 3.2 X 10*°Am™.

The concentration of the overpotential, thus, represents the difference between
the cell potential at the electrolyte concentration and the cell potential at the surface
concentration because of depletion (or accumulation) at high current densities,
given by

7. (conc) =2.303RT/zFIn(i/i;) (1.27)

A Tafel curve showing this diffusion limiting of the current shown in Figure 1.7.

1.2.2.7 Tafel Curves for a Battery

In a battery there are two sets of Tafel curves present, one for each electrode mate-
rial. During discharge one material will act as the anode and the other as the
cathode. During charging the roles will be reversed. The actual potential difference

n
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A Typical Diffusion Limited Tafel Plot for M>* + 2e™ =M

logi

Anodic
slope
(During discharge)

Cathodic
slope
(During charge)

I
I
I
I
Ee E

Figure 1.7 Diffusion limited current for the cathodic reaction [2].

between the two electrodes for a given current density can be found from the Tafel
curve. The total cell potential is the difference between the anodic potential, E,
and the cathodic potential, E,.

In a galvanic cell, the actual potential, V'cajgischarger i less than the Nernst
potential

Vc,ell,discharge = Ec _lnc|+ Ea - |na| (128)

Upon discharge the cell potential may be further deceased by the ohmic drop due
to the internal resistance of the cell, r. Thus, the actual cell potential is given by

—\V’ :
‘/cell,discharge — Vecell discharge — iAr (129)

where A is the geometric area relevant to the internal resistance and i is the cell
current density.

Similarly, on charging the applied potential is greater than the Nernstian poten-
tial, and can be calculated by the equation

‘/c,ell,charge = Ec +|7h| + Ea +|na| (130)

The cell charging potential may now be increased by the ohmic drop, and the final
actual cell charging potential is given by

, .
‘/cell,charge = charge, harge +iAr (131)

In summary, it can be stated that in order to maximize power density, it is impor-
tant to achieve the most optimum value of cell potential at the lowest overpotentials
and internal resistance. Usually at low current densities, overpotential losses arise
from an activation energy barrier related to electron transfer reactions, while at a
higher current density, the transport of ions becomes rate limiting giving rise to
a current limit. Ohmic losses increase with increasing current, and can be further
enhanced by the increased formation of insulating phases during the progress of
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Figure 1.8 Theoretical and actual voltages of various battery systems [2].

charging. Power is a product of voltage and current; therefore, decreasing the
current density by increasing the true surface area can also in principle result in
a higher power density. However, unwanted side reactions may also be enhanced.

1.2.3
Capacity

The bar graph of Figure 1.8 shows the difference between the theoretical and
actual capacities in mAhg™" for various battery systems.

The theoretical molar capacity of a battery is the quantity of electricity involved
in the electrochemical reaction. It is denoted as Qg and is given by

Qcharge = ¥nF (1.32)

where x is the number of moles of a chosen electroactive component that take
place in the reaction, and n is the number of electrons transferred per mole of
reaction. The mass of the electroactive component can be calculated as

M = xM, (1.33)

where M denotes the mass of the electroactive component in the cell and M, the
molecular mass of the same component. The capacity is conventionally expressed
as Ahkg™ thus given in terms of mass, often called specific capacity, Cypedsic

Cspeciﬁc = nF/Mr (134)

If the specific capacity is multiplied by the mass of the electroactive component
in the cell, one will obtain the rated capacity of a given cell. It is important to note
that the mass may refer to the final battery mass including packaging or it may
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be reported with respect to the mass of the electroactive components alone. It is
quite straightforward to recalculate the capacity in terms of the mass of the cell by
dividing the rated capacity with the total mass of the cell.

In practice, the full battery capacity could never be realized, as there is a signifi-
cant mass contribution from nonreactive components such as binders & conduct-
ing particles, separators & electrolytes and current collectors and substrates, as
well as packaging. Additionally, the chemical reactions cannot be carried out to
completion; either due to unavailability of reactive components, inaccessibility of
active materials or poor reactivity at the electrode/electrolyte interface. The capacity
is strongly dependent upon the load and can decrease rapidly at high drain rates
as defined by the magnitude of current drawn, due to increased overpotential
losses and ohmic losses which can exacerbate the problems with completion of
the reaction. At higher drain rates denoting high operating currents, a battery will
be discharged faster.

1.2.4
Shelf-Life

A cell may be subject to self discharge in addition to discharge during operation.
Self-discharge is caused by parasitic reactions, such as corrosion, that occur even
when the cell is not in use. Thus, the chemical energy may slowly decrease with
time. Further energy loss may arise as a result of discharge during which insulat-
ing products may form or the electrolyte may be consumed. Therefore, shelf-life
is limited by factors related to both nonuse and normal usage.

1.2.5
Discharge Curve/Cycle Life

The discharge curve is a plot of the voltage against the percentage of the capacity
discharged. A flat discharge curve is desirable as this means that the voltage
remains constant as the battery is used up. Some discharge curves are illustrated
in Figure 1.9, where the potential is plotted against time as the battery is

Ideal mode
Declining
quality

Discharge

Time

Figure 1.9 Change of voltage with time behavior in different cells [2].
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discharged through a fixed load. In the ideal mode, the cell potential remains
steady with time until the capacity is fully exhausted at the same steady rate and
then it falls off to a low level. Some of the primary lithium cells display this type
of nearly ideal flat discharge characteristics. In most other real batteries, the
voltage may slope down gently with time as in primary alkaline cells or do so in
two or more stages during discharge as in Lechlance cells.

1.2.6
Energy Density

The energy density is the energy that can be derived per unit volume of the cell
and is often quoted as Wh/lt, where It stands for liter. This value is dependent
upon the density of the components and the design by which the various materials
are interfaced together. In many applications availability of space for placing a
battery must be minimized and thus, the energy density should be as high as
possible without greatly increasing the weight of the battery to attain a given
energy level. The battery flat cell, described in Figure 1.2, is an example of efficient
designing that increases the energy density.

1.2.7
Specific Energy Density

The specific energy density, Wh/kg, is the energy that can be derived per unit
mass of the cell (or sometimes per unit mass of the active electrode material). It
is the product of the specific capacity and the operating voltage in one full dis-
charge cycle. Both the current and the voltage may vary within a discharge cycle
and, therefore, the specific energy, E, derived is calculated by integrating the
product of the current and the voltage over time

E=[V-Idt (1.35)

The discharge time is related to the maximum and minimum voltage thresholds
and is dependent upon the state of availability of the active materials and/or the
avoidance of an irreversible state for a rechargeable battery. The maximum voltage
threshold may be related to an irreversible drop of voltage in the first cycle, after
which that part of the cycle is not available. The minimum threshold voltage may
be determined by a lower limit below which the voltage is deemed to be too low
for practical use or sets the limit for some irreversible losses, such that the system
can only inadequately provide energy and power.

An active component may be less available due to side reactions, such as:
(i) zinc reacting with the electrolyte in alkaline or silver oxide-zinc batteries,
(ii) dendrite formation in rechargeable batteries, (iii) formation of passivation
layers on the active components. Since batteries are used mainly as energy storage
devices, the amount of energy (Wh) per unit mass (kg) is the most important
property quoted for a battery. It must be noted that the quoted values only apply
for the typical rates at which a particular type of battery is discharged. The specific
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Specific power density (W/kg)

Specific energy density (Wh/kg)

Figure 1.10 Ideal Ragone plot.

energy density values vary between 45 and 300 Wh/kg for primary batteries and
30 and 240 Wh/kg for secondary (rechargeable) batteries.

1.2.8
Power Density

The power density is the power that can be derived per unit mass of the cell
(W/kg). At higher drains, signifying higher currents relating to higher power
densities, the specific energy tends to fall off rapidly, hence, decreasing the capac-
ity. This trade-off between power and energy density is best expressed in a Ragone
plot, an idealized version of which is given in Figure 1.10. It is obvious that a
certain battery has a range of values for specific energy and power, rather than a
battery having a specific value of energy and power. In order to derive the maximum
amount of energy, the current or the power drain must be at the lowest practical
level. For a given cell chemistry, increasing the surface area of the electrodes can
increase the cell’s current at a given current density and, thus, deliver more power.
The most efficient way to deliver a higher power density is to increase the effective
surface area of an electrode while keeping the nominal area constant. It is impor-
tant to consider any increase in parasitic reactions that may be enhanced due to
the increase in the effective surface area. For example, in systems where corrosion
is a concern, simply increasing the surface area may enhance the corrosion reac-
tions while depleting the active material. Under these circumstances, the cell
capacity will decrease along with the shelf-life.

1.2.9
Service Life/Temperature Dependence

The rate of the reaction in the cell is temperature dependent according to kinetics
theories. The internal resistance also varies with temperature; low temperatures
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Figure 1.11  Effects of temperature on battery capacity [2].

give a higher internal resistance. At very low temperatures the electrolyte may
freeze giving a lower voltage as ion movement is impeded. At very high tempera-
tures the chemicals may decompose, or there may be enough energy available to
activate unwanted, reversible reactions, reducing the capacity. The rate of decrease
of voltage with increasing discharge will also be higher at lower temperatures, as
will the capacity; this is illustrated in Figure 1.11.

13
Primary and Secondary Batteries

It should be mentioned that there are two main types of batteries: primary and
secondary batteries. In primary batteries the chemical energy stored in the cell is
such that it can be used only once to generate electricity, that is, once the cell is
fully discharged it cannot be of further use. In secondary batteries the reverse
redox reaction (also referred to as electrolysis and charging) can occur when the
current is applied at a potential higher than the cell potential (E.p) and the battery
can be used reversibly many times. During charging, electrons flow to the anode
through the external circuit and cations from the cathode diffuse through the
electrolyte to the anode.

In Table 1.4, a timeline depicts the historic development of batteries separated
into two blocks of primary and secondary battery histories. Presently, the most
advanced technology of primary batteries is the Oxyride battery developed by
Panasonic Corporation but not yet widely used. For the secondary batteries, the
lithium polymer battery is the most advanced, mostly used as a power backup in
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Table 1.4 History of electrochemical cell development tabulated with years and inventors.

Type Year Inventor Battery
Primary batteries 1800  Alessandro Volta Voltaic pile
1836 John Frederic Daniel Daniel cell
1844  William Robert Grove Grove cell
1860  Callaud Gravity cell
1866  Georges-Lionel Leclanché  Leclanché wet cell
1888  Carl Gassner Zinc—carbon dry cell
1955 Lewis Urry Alkaline battery
1970 No information Zinc-air battery
1975  Sanyo Electric Co Lithium-manganese cell
2004 Panasonic Corporation Oxyride battery
Secondary batteries 1859 Raymond Gaston Planté  Planté lead-acid cell
1881 Camille Alphonse Faure  Improved lead-acid cell
1899 Waldmar Jungner Nickel-cadmium cell
1899  Waldmar Jungner Nickel-iron cell
1946  Union Carbide Company  Alkaline manganese secondary cell
1970  Exxon laboratory Lithium-titanium disulfide
1980 Moli Energy Lithium-molybdenum disulfide
1990 Samsung Nickel-metal hydride
1991  Sony Lithium-ion
1999  Sony Lithium polymer

laptop computers and slim and light weight mobile phones. The most common
secondary battery used in communication devices, such as cellular phones, is the
lithium-ion battery. Batteries are also sometimes classified in terms of the mode

in which they are used:

e DPortable batteries: These cover a wide range of batteries from those used in
toys to those used in mobile phones and laptops.

e Transport batteries: The largest application of these is in the starting, lighting,
and ignition (SLI) for cars or in electrical vehicles (e.g., in e-scooters and hybrid

electrical vehicles).

e Stationary batteries: Include applications for stand-by power, backup in
computers, telecommunications, emergency lighting, and for load-leveling
with renewable energy, such as solar cells, during darkness, and wind during

very calm weather.

Thus, batteries are correctly perceived as a critical enabling technology and future
improvements are continuously sought. The various battery chemistries will be
examined in detail in the following chapters.
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1.4
Battery Market

It is estimated that the total market for all batteries in the year 2007 was worth
$80 billion, with an annual growth of over 8%, and rapid growth in demand
coming from China, India, Europe, South America, and Russia. Forecast for 2010
is shown in Table 1.5. It can be seen that the secondary batteries are expected to
dominate over the primary batteries reversing the historical situation until recently.
More than 50% of the primary market is from the alkaline cells, while more than
half of the secondary market is dominated by lead-acid batteries.

In the secondary battery market, several new cells have been introduced just
within the last two decades, for example, the Ni-MH cell (1990), Li-ion cell

Table 1.5 Global battery market forecast for 2010.

Type of battery Global demand in US$, 98 billion
Primary Primary total: 42%
Carbon-zinc 8%
Alkaline 22%
Others 12%
Secondary Secondary total: 54%
Lead acid 28%
Ni-Cd/Ni-MH and others 12%
Li 14%
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Figure 1.12 Comparison of energy density for various rechargeable battery chemistries.
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(1991), rechargeable alkaline cells (1992), Li polymer (1999), and also the
concept of mechanically rechargeable Zn-air batteries (2001). The new batteries,
especially those based on the Li chemistries have not only met some of the
existing demand, but can be said to have revolutionized the battery market
by accelerating demand for laptops, mobile phones, and cordless hand held
tool products.

An inspection of Figure 1.12 clearly reveals that with time, the specific energy
(Wh/kg) and the energy density (Wh/It) have continued to grow as batteries
advance. It is this combination of high values of Wh/kg and Wh/It that have been
the key factors heralding this rapid growth. The number of batteries produced
each year is staggering. The relatively newcomers, Li-ion batteries, alone are pro-
duced in quantities exceeding 1.2 billion cells per year.

1.5
Recycling and Safety Issues

The batteries consumed in households amount to approximately 4 billion cells per
year. Batteries are important for everyday life but they can be a source of health
problems and contamination. Besides the caution of using each type of battery the
right battery for the appropriate function, the proper disposal is also a critical issue
that needs to be urgently considered.

The alkaline cells do not have any toxic constituents, and although their disposal
will incur energy and landfill penalty, they do not contaminate the environment
with toxic pollutants. Some households have recharged primary alkaline cells
despite warnings and against the advice of the manufacturers. Recharging is to
some extent possible, provided the cells have not been discharged beyond 50% of
their total capacity. With each recharge, the capacity of the cells begins to fade,
further extenuated by the degree of depth of discharge. Furthermore, there is
danger of explosion in recharging primary alkaline cells due to the release of
hydrogen gas.

Rechargeable versions of alkaline batteries are made safe, but do suffer from
low current capacity arising from the high internal cell resistance. In 1992, these
types of cells were specifically developed as a low-cost power source for consumer
goods.

It is important to note that choosing to purchase rechargeable batteries will
decrease numerous global battery wastes. It is a fact that 600 primary batteries can
be replaced by only two AA nickel cadmium secondary batteries. By new technol-
ogy, rechargeable batteries come out as USB rechargeable batteries (see Figure
1.13), which is convenient and does not require a charger. However, due to the
hazardous nature of heavy metals contained in a battery, some batteries have been
reformulated. Alkaline batteries are manufactured as a mercury-free battery since
1992. The mercuric oxide button cell was finally replaced by mercury-free batteries,
such as silver oxide or zinc air batteries. However, the nickel cadmium battery has
not been totally replaced by other nonhazardous batteries yet. Moreover, some
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Figure 1.13  USB rechargeable batteries (www.reghardware.co.uk).

appliances have the nickel cadmium battery built-in, which is difficult for battery
recycling.

The annual number of batteries discarded run in billions worldwide; safe dis-
posal and recycling are crucial in this important energy storage chain. Many
countries are forced by legislations to have battery recycling plants such as in the
USA, the UK, Germany, France, Turkey, Italy, and Poland. In the USA, the battery
manufactures (Panasonic, Duracell, and Eveready Energizer) have formed a
“Rechargeable Battery Recycling Corporations (RBRC) Battery Recycling Program”
to take back dead batteries, especially button and Ni-Cd batteries. In the state of
California all types of batteries are recycled. Used batteries can be disposed at any
drop off site or at any participating retailers. Batteries are classified by the US
federal government into nonhazardous and hazardous wastes. Used alkaline,
carbon zing, lithium-ion, nickel metal hydride, and rechargeable alkali manganese
batteries are considered as nonhazardous waste and can be thrown away in the
trash. Used Ni-Cd, lead-acid, silver oxide, and button cells containing mercuric
oxide, silver oxide, lithium, alkaline, and zinc-air are classified as hazardous wastes
and need to be recycled. Nonhazardous batteries must also be recycled, however,
since throwing these batteries together with other wastes is dangerous as some of
them may not be completely dead and may generate charge and spark which can
lead to a fire and an explosion. They also should not be burned or incinerated
which can result in an explosion and contamination of the environment.

In the near future, not recycling batteries will not be an available option. The
lead-acid batteries have led the way in recycling, achieving over 95% recycling rates
in many parts of the world such as in North America, Western Europe, and Japan.
Emerging markets are also witnessing improving trends in recycling lead-acid
batteries. Lead is relatively easy to recycle and recover as metallic lead. Currently,
lead-acid batteries are recycled mainly using a high-temperature, pyrometallurgi-
cal process. A 10000 ton per annum plant would be deemed small, with some
plants processing 100000 tons or even 200000 tons of secondary lead per year.
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In particular, the lead-acid battery recycling process stages are as follows:

Collection: At repair workshops, garages, decontamination centers, clean
points. The Dbatteries and other lead-containing scrap are consolidated at
intermediate agents or scrap dealers.

Transportation to appropriate plants.
Materials preparation and sorting.
Transportation to appropriate plants.

Breakage: Lead-acid batteries are composed of a variety of materials (Table
1.6), so they must be taken apart. Scrap batteries are broken apart in a hammer
mill. The plastic casing (typically made of polypropylene, ebonite, and/or PVC)
is shredded and recycled at extrusion plants. The sulfuric acid is also recovered
and used in processes such as the manufacture of gypsum. Meanwhile, paste
comprising lead sulfate (PbSO,), and the lead metallic grids are extracted. In
conventional lead recycling, the grids are normally added to the smelter;
however, this is not always necessary, and instead they can be melted and
refined at lower temperatures. Table 1.7 shows the typical composition of the
lead-acid paste.

Neutralization: Sodium hydroxide is added to the discharged battery paste to
neutralize residual sulfuric acid and desulfurise, which avoids sulfur dioxide
(SO,) emissions during smelting. Aqueous sodium sulfate, possibly containing

Table 1.6 Typical composition of lead-acid battery [3].

Component Wt.%
Lead-antimony alloy components (i.e., grids, poles, etc.) 25-30
Electrode paste 35-45
Sulfuric acid 10-15
Polypropylene 4-8
Other plastics (e.g., PVC, PE, etc.) 2-7
Ebonite 1-3
Other (e.g., glass, etc.) <0.5

Table 1.7 Typical composition of lead-acid battery paste.

Material Wt.%
Lead sufate 55-65
Lead dioxide 15-40
Lead monoxide 5-25
Metallic lead 1-5
Carbon black, plastics, fibers, other sulfates 1-4
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some residual dissolved lead(II) together with colloidal particles, is then
discharged. Depending on the country, the consent concentrations for this
discharge to sewers range from a few ppm down to zero; the upper limits are
likely to be decreased in the future.

¢ Smelting or electrowinning: The dry neutralized paste is usually smelted,
along with the metallic grids, with a reducing agent in a high temperature
Isasmelt or reverbatory or rotary furnace to produce lead. Coal or coke is the
source of energy. The smelting takes place either in stand-alone reactors, or
more often with lead concentrates derived from lead sulfide ores. Any lead or
antimony slag is reheated with refining dross in a rotary furnace producing
lead—antimony (Pb/Sb) alloy and waste slag. Instead of smelting, some large-
scale operations dissolve the lead sludge/filter cake in powerful acids such as
HCI, H,SiF or HBF, and recover lead by electrowinning.

¢ Refining and blending: A finished alloy is produced by adding the Pb/Sb alloy
to the almost-pure lead metal in a refining and blending process.

¢ Transport: Assuming recycling and manufacture plants are separate entities,
the lead then must be transported from the former to the latter.

¢ New battery manufacture: Recovered lead is reoxidized to PbO granules.
Sulfuric acid (H,SO,) is added to the granules to form a paste applied to lead
grids to manufacture new battery electrodes. After battery assembly, electrical
energy is used to convert PbO to Pb in the anode and PbO, in the cathode. An
overview of the lead-acid battery recycling process is given in Figure 1.14.

Over 90% of the lead from batteries can be extracted and reused, so with such
high recovery rates, the secondary lead production is now a huge business. Accord-
ing to official estimates, more than 40% of the world’s refined lead is now derived
from secondary battery production. Table 1.8 presents some recycling input ratios
(RIR) around the world. RIR quantify the contribution that recovered lead makes
to the overall production of refined metal.

Lead-acid batteries are, in fact, one of the most efficiently recycled products in
the world—albeit with varying environmental standards. In developed nations a
variety of organized schemes are in operation. For example, Sweden, Germany, and
Italy operate levy systems related to the lead market: when the lead price is so low
that battery recovery is not economic, a levy is imposed on new batteries to finance
recycling of used batteries. Italy and Ireland also have a national collection and
recycling schemes. In the United States, many states require retailers to accept used
car batteries when customers purchase new batteries. Several American states even
require a cash deposit on new battery purchases, which is refunded to the con-
sumer once the used battery is returned to the retailer. Elsewhere, battery collection
is normally market driven. In the UK, for example, where organized systems do
not exist, car repair shops and scrap metal dealers collect used batteries.

These RIR figures are based on official data collected from governments around
the world. As such they are likely to underestimate true lead recovery rates because
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Figure 1.14 Overview of the current lead-acid battery recycling process flow (Adapted from:
Brandon et al. 2003; Exide/GNB Technologies Poster [“Recycling for a Better Environment”]).

Table 1.8 Apparent recycling input ratios (RIR) for lead

in 2006.

Region RIR
Europe 62.7%
Americas 74.2%
Asia 15.7%
World 41.6%

in many countries, especially in the developing world, the informal nature of lead
recycling makes obtaining reliable data on secondary lead usage impossible. This
is particularly true for Asian countries: lead is so highly priced there that it is likely
that almost 100% of the metal from batteries is reused. Since formal data may not
be fully available, the details are thus anecdotal.
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The recycling record in other types of batteries has still a long way to go to catch
up with what is achieved for the lead-acid batteries. All spent batteries represent
a valuable resource of metals and materials, such as Ni, Cd, Ag, Co, polymers,
carbon, and oxides. New legislations are being steadily introduced to encourage
recycling of batteries. For example, in 2006 Directives on batteries and accumula-
tors were adopted in the European Union. The Directive has set new national
targets for nations within the EU for collection of consumer batteries. For example,
according to this Directive, the UK is required to collect 25% by weight of batteries
sold by 2012 and the target is set to increase to 46% by 2016. New infrastructures
have to be made available that allow consumer batteries to be safely collected,
sorted, and recycled.

Some countries are leading the way for recycling consumer batteries, such as
Belgium which has already achieved a collection rate that is over 65%. Disposal of
some batteries such as Ni—Cd can cause major environmental problems. Cd is
toxic and can seep into the water supply. Ni is also semitoxic. Primary Li batteries
are fire hazards, especially if they are not fully discharged. Most secondary Li bat-
teries contain the toxic element Co. Both primary and the secondary Li batteries
contain toxic and flammable electrolytes. It must be stated, however, that, in
general, recovery of metals from batteries is energy intensive. Therefore is press-
ing need for further research for developing environmentally friendlier recycling
technologies that do not give rise to an unsustainable energy penalty.

Having given a general overview of batteries, starting from their main compo-
nents, and configuration, to how they function and are disposed of, specific battery
systems can now be examined. The first two chapters that follow present a historic
timeline describing the development of batteries from the first galvanic cells of
the 1800s to the commercial cells of the 21st century. It will be seen that Li bat-
teries are the most promising high energy storage devices and therefore Chapters
4-8 focus on the next-generation Li cathodes, anodes, and electrolytes that will
significantly increase their lifetime and range of applications.
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2
Primary Batteries

Thapanee Sarakonsri and R. Vasant Kumar

2.1
Introduction

As mentioned in Chapter 1, primary batteries are not easily or safely rechargeable,
and consequently are discharged and then disposed of. Many of these are “dry
cells”—cells in which the electrolyte is not a liquid but a paste or similar. The
electrochemical reactions that occur are not easily reversible and the cell is oper-
ated until the active component in one or both the electrodes is exhausted. Any
attempt for reversing the reaction via recharging in a primary cell is dangerous
and can cause the battery to explode.

The electrical resistance in primary cells is usually high; thus, even if charging
was possible, it would be a slow process. At normal practical charging rates, a large
proportion of the current would be dissipated as heat, causing further safety
hazards. Primary batteries are therefore designed to operate at low currents and
have a long lifetime. Generally primary batteries have a higher capacity (Ah/kg),
a higher specific energy (Wh/kg), and a higher initial voltage than secondary
(rechargeable) batteries of comparable chemistries. They are used in portable
devices, toys, watches, hearing aids, and medical implants. The commercially used
primary batteries are shown in Table 2.1.

2.2
The Early Batteries

Before describing in detail the main battery systems indicated in Table 2.1, the
predecessors of today’s batteries are introduced. Historically, the first battery was
invented by Alessandro Volta, an Italian physicist, in 1800, who observed Luigi
Galvani’s (also an Italian physicist) experiment on frog legs in 1780 by connecting
two different metals in series with the frog’s leg and to one another. The leg
twitched when it was touched with the iron scalpel (Figure 2.1) and, therefore,
Galvani believed that frog legs can generate electricity and called it “animal
electricity.” However, Volta believed that the electricity came from the connection

High Energy Density Lithium Batteries. Edited by Katerina E. Aifantis, Stephen A. Hackney, and
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Table 2.1  Primary battery chemistries used today [1].

System Nominal Specific  Advantages Disadvantages Applications

cathode/ cell energy

anode voltage(V) (Wh/kg)

Carbon/  1.50 65 Lowest cost; Low energy Torches; radios;

Zinc variety of shapes density; poor electronic toys and
and sizes low-temperature  games

performance

Mg/ 1.60 105 Higher capacity ~ High gassing Military and aircraft

MnO, than C/Zn; good on discharge; receiver-
shelf-life delayed voltage  transmitters

Zn/Alk/  1.50 95 Higher capacity =~ Moderate cost Personal stereos;

MnO, than C/Zn; good calculators; radio;
low-temperature television
performance

Zn/HgO 1.35 105 High energy Expensive; Hearing aids;
density; flat energy density ~ pacemakers;
discharge; stable  only moderate photography;
voltage military sensors/

detectors

Cd/HgO 0.90 45 Good high and Expensive; low
low-temperature  energy density
performance;
good shelf-life

Zn/Ag,0 1.50 130 High energy Expensive (but Watches;
density, good cost effective for photography; larger
high rate niche space applications
performance applications)

Zn/air 1.50 290 High energy Dependent on Watches; hearing
density; long environment; aids; railway
shelf-life limited power signals; electric

output fences

Li/SOCI, 3.60 300 High energy Only low to Memory devices;
density; long moderate rate standby electrical
shelf-life applications power devices;

medical devices

Li/SO, 3.00 280 High energy High-cost Military and special
density; best pressurized industrial needs
low-temperature  system
performance;
long shelf-life

Li/MnO, 3.00 200 High energy Small in size, Electrical medical

density; good
low-temperature
performance;
cost effective

only low-drain
applications

devices; memory
circuits; fusing
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Figure 2.1 Galvani's experiment on frog legs; taken from [2].

Figure 2.2 An illustration of Volta’s cell, called a “Voltaic Pile”; taken from [3].

of the two metals and proved his idea by constructing a battery consisting of alter-
nate copper and zinc disks; a cloth or cardboard soaked in brine (NaCl) was placed
in between the copper and zinc metal layers. Due to this pile-up design Volta’s
cell was called a “Voltaic Pile” (Figure 2.2). This cell was stable during continuous
draining but electrolyte leaking was encountered. Furthermore, a thin layer of
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hydrogen gas (H,) formed on the copper surface increasing the internal resistance
of the battery. As a result the “Voltaic Pile” had a short life (1 h). The voltage per
element of the Voltaic Pile was 0.75V.

In 1836, John Frederic Daniel, a British chemist, improved the Volta cell by
constructing a battery that used the same electrode-base metals, but a different
configuration. The zinc was immersed in a sulfuric acid (H,SO,) solution which
was withheld in a porous earthenware container. This compartment, which func-
tioned as the anode, was then immersed in a copper sulfate (CuSO,) solution that
was in a copper pot that acted as the cathode. This cell, referred to as the Daniel
cell, provided 1.1V and was used for powering the telegraph system.

Eight years later in 1844, the Grove cell was invented by William Robert Grove,
a British lawyer, judge, and physical scientist. The cell consisted again of a zinc
anode, but the copper cathode was replaced by platinum. The anode and cathode
compartments were separated by porous earthenware, and each electrode was
immersed, respectively, in sulfuric and nitric acid (HNOs) solutions.

Due to the high cost of platinum metal and the toxicity of nitric oxide (NO) gas
that developed during cell operation, the grove cell was replaced by the gravity cell
in the 1860s. The gravity cell was invented by Callaud, a French scientist. Callaud
was able to improve the Daniel cell by excluding the porous barrier (hence reduc-
ing, the internal resistance of the system) and using a simple glass jar as the cell
container. The copper cathode and zinc anode were made in a crow’s foot shape
and were placed at the bottom and at the top of the solution, respectively (Figure
2.3). Both electrodes were immersed in a copper sulfate solution. During cell
operation, a clear solution of zinc sulfate (ZnSO,) was formed around the anode
and was separated from the blue copper sulfate solution by its lower density. Due
to the unique shape of the electrodes this cell was also called a “crowfoot cell.”
The open top cell design allowed the solutions to easily mix or spill, and therefore
it could be only used for stationary applications. The voltage of this battery was
1.08V and its specific lifetime was longer than that of the voltaic pile.

Negative
terminal

Positive
. terminal
Zinc
electrode
Glass jar
Zinc
sulphate

solution
Copper
Copper electrode
sulphate

solution

Figure 2.3 lllustration of a crowfoot cell; taken from [3].
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The Zinc/Carbon Cell

Although the initial electrochemical cells consisted of zinc and copper electrodes,
in the development of the first battery, the copper was replaced by carbon. The
zinc-based cell is not only the first prototype battery invented but also the most
widely used in our days, due to its low cost production. Its main components have
not changed over the centuries, and only minor alterations were performed before
reaching today’s form. In the first zinc-based cell the anode was a zinc-amalgam,
instead of pure zinc and the cathode contained manganese dioxide and carbon;
this was the Leclanché cell.

2.3.1
The Leclanché Cell

The first primary battery was invented in 1866 by a French telegraphic engineer
named Georges-Lionel Leclanché (Figure 2.4). Early telephones also used this cell
as a power source. It was the first cell to contain only one low-corrosive fluid
electrolyte with a solid cathode. This gave it a low self-discharge—a capacity loss
without the electrodes being connected — in comparison to previously attempted
batteries. The cell was called the Leclanché wet cell because an ammonium chlo-
ride (NH,Cl) solution was used as the electrolyte. The other cell components were
a zinc-amalgam (Zn/Hg) bar anode and a cathode comprising of manganese
dioxide (MnO,) and some small amount of carbon (C) powders. The cell was

Figure 2.4 Georges-Lionel Leclanché (1839-1882). (Reproduced from http://www.jergym.
hiedu.cz/~canovm/objevite/objev4/leca.htm).
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Figure 2.5 (a) Original Leclanché cell; taken from [4]. (b) The commercial design structure of
a zinc—carbon cell; taken from [1].

designed by placing the cathode material in a porous pot and subsequently placing
a carbon rod in the middle of the cathode; then the whole electrode was put in a
square glass container. After inserting the zinc-amalgam bar into the same glass
container the container was filled with ammonium chloride electrolyte to complete
the single functional cell. An illustration of an original Leclanché cell is shown in
Figure 2.5a. Leclanché improved his cell in 1876 by heating compressed manga-
nese dioxide and carbon with resin at 100°C to form a hard solid cathode; the
porous pot was therefore not needed. The cathode was also referred to as an
“agglomerate block,” since a pair of agglomerate blocks were attached to the
carbon plate with rubber bands and then placed in the glass container along with
the zinc bar. Leclanché used his invention widely in his telegraphic office for
telegraphy signaling. Comercially the most popular use of the Leclanché cell was
for house door bells but later in the 1920s for portable radios, flashlights, and
telephones. The voltage of this cell was 1.5V and the capacity was 224 Ah/kg.

2.3.2
The Gassner Cell

In 1888, Carl Gassner, a German scientist, further improved the Leclanché cell by
using ferric hydroxide [FeO(OH)] mixed with manganese dioxide and a small
amount of carbon as the cathode material, and instead of using a zinc—amalgam
bar, a hollowed zinc cylindrical container (bobbin) was used as the anode. The
liquid ammonium chloride electrolyte was replaced by an electrolyte paste which
consisted of zinc chloride (ZnCl,), ammonium chloride, water, and wheat flour.
The battery was therefore no longer a “wet” cell but a “dry” cell. The electrolyte
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paste was then mixed with the manganese dioxide/carbon mixture (cathode) and
poured in the zinc anode container with the carbon rod placed in the center of the
paste. The advantage of this dry cell over the Leclanché wet cell was the ease in
handling and the more durable design. The successful improvement of Gassner
resulted into the commercialization of this cell by the name of the zinc—carbon
dry cell in 1896 by the National Carbon Company (USA). This cell provided a
potential of 1.5V, a gravimetric energy density of about 55-77Wh/kg or 120-
152Wh/dm® and a capacity of 146-202 Ah/kg.

233
Current Zinc/Carbon Cell

Figure 2.5b depicts the most common commercial design of the zinc—carbon
battery. The Zn serves as both the battery casing and the anode. The cathode
consists of manganese dioxide (MnO,), powdered black carbon, and some electro-
lyte (the electrolyte is ammonium chloride, while for extra heavy duty applications,
the electrolyte is zinc chloride mixed with a minor amount of ammonium chlo-
ride). The MnO, and carbon mixture is wetted with electrolyte and shaped into a
cylinder with a small hole in the center. A carbon rod is inserted into the center,
which serves as a current collector (a material that is used to conduct electricity
between the reacting parts of the electrode and the terminal and, hence, needs to
be in good contact with the cathode). It is porous to allow gases to escape and
provides structural support. The separator is either made from natural cellulose
fibers, cereal paste coated heavy paper or from treated absorbent kraft paper (the
kind of brown paper used to make large envelopes or grocery bags). The MnO, to
C ratios vary between 10:1 and 3:1, with a 1:1 mixture being used for photoflash
batteries, as this gives a better performance for intermittent use with high bursts
of current. It should be noted that the actual cathode material is MnO,, derived
from natural ore; C is added for conductivity and to provide stability with the
electrolyte.

The voltage of these batteries is between 1.5 and 1.7V, their shelf-life is 1-2
years at room temperature and their service life is 110 min of continuous use
(Figure 2.6 depicts a typical discharge curve). The capacity is around 40 Ah/kg at

Voltage (V)
.

04 T T T 1
0 30 60 90 120
Time (min)

Figure 2.6 Discharge curve for a Zn/C cell at 500 mA; taken from [1].
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low drains and the energy density is 55-77 Wh/kg. These cells are generally sensi-
tive to external factors such as temperature, and are more effective when discharged
intermittently. This allows for diffusion to take place so as to avoid polarization
(Chapter 1, Section 1.2.2) that can occur from discharge —the separation and group-
ing of reactants and products which may result in increasing the internal resistance
in the cell. Generally the voltage is very sloped during discharge due to cell chem-
istry and internal leakage. In order to minimize leakage, in modern cells, the
electrolyte is produced in a gel form or held in a porous separator.

In addition to cylindrical Zn/C cells, flat Zn/C cells are also quite common.
These Zn/C flat cells were introduced in the 1920s for use in portable radios. The
zinc anode was painted with a carbon-conductive paint, which acted as the conduc-
tor at the anode—electrolyte interface to minimize electrical resistance. The cathode
was made from a mixture of MnO,, graphite or acetylene black carbon, and elec-
trolyte paste. Each cell was placed in a plastic envelope and stacked inside a steel
jacket (as they obeyed the basic flat cell configuration shown in Figure 1.3 of
Chapter 1). Common connector strips of copper were used to collect and connect
the positive and the negative electrodes to a common positive and a negative ter-
minal. They obeyed the basic flat cell configuration shown in Figure 1.3 of
Chapter 1. Zn/C flat cells are still used today for toys and some flashlights. This
cell provides a potential of 1.5V and a capacity of 238 Ah/kg.

2.3.3.1 Electrochemical Reactions
As mentioned previously the zinc/carbon cell uses a zinc anode and a manganese
dioxide cathode. The carbon is added to the cathode to increase conductivity and
retain moisture; therefore, only manganese dioxide, zinc, and electrolyte take part
in the reaction.

The overall reaction in the cell is

Zn+2MnO, —» ZnO-Mn,0; +1.54V

The exact mechanism for this is complicated, and not fully understood; however,
the approximate half-cell reactions are

Anode: Zn — Zn** +2e” +0.76 V
Cathode: 2NH} +2MnO, + 2e~ — Mn,0; + H,0+2NH; +0.78 V

The electrolyte in which the above reactions take place is ammonium chloride.
However, this is complicated by the fact that the ammonium ion produces two
gaseous products:

2NH;} +2e” — 2NH; +H,

These products must be absorbed in order to prevent build up of pressure in the
vessel, therefore zinc chloride is added to the ammonium chloride in order for the
following two reactions to occur:

ch12 +2NH3 = Zn(NH3)2 C12
ZMnOZ + H2 — Mn203 + H20
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2.3.3.2 Components

Historically the black carbon used was in the form of graphite, however acetylene
black carbon is often used in modern batteries as it can hold more electrolyte.
Various forms of MnO, are available: (i) natural manganese dioxide; ores occur
naturally in Gabon, Greece, and Mexico with 70-85% MnO,, (ii) activated manga-
nese dioxide, (iii) chemically synthetic manganese dioxide (90-95% MnO,), (iv)
electrolytic manganese dioxide (EMD) is widely used in industrial cells but mainly
in alkaline batteries as it allows for a higher cell capacity, higher rate capabilities,
and less polarization.

Pure Zn sometimes alloyed with minor alloying elements such as Pb is used as
the can material thus serving both as the anode and as the container. The electro-
lyte for a standard zinc/carbon (Leclanche) cell uses a mixture of ammonium
chloride and zinc chloride in an aqueous solution. A zinc-corrosion inhibitor is
also added, which forms an oxide layer. This inhibitor is usually mercuric oxide
or mercurous chloride. A typical electrolyte composition is 26.0% NH,CI, 8.8%
ZnCl,, 65.2% H,0, 0.25-1.0% corrosion inhibitor. While the oxide layer prevents
corrosion, thus prolonging the shelf-life, it increases the electrical resistance per-
mitting use only under low currents.

The carbon rod is inserted into the cathode and acts as a current collector. It
also provides structural support and vents hydrogen gas that evolves as the reac-
tions proceed. The as produced rods are very porous, so they must be treated with
waxes or oils to prevent loss of water, but at the same time remain porous enough
to allow hydrogen to pass through. Ideally they should also prevent oxygen enter-
ing the cell, as this would aid corrosion of the zinc.

The separator physically separates the anode and the cathode, but allows ionic
conduction to occur in the electrolyte. The following two types of separators are
used: (i) a gelled paste which is placed into the zinc can, and once the cathode is
inserted, the paste is forced up the sides of the can between the zinc and the MnO,
cathode; (ii) kraft paper coated with cereal paste, or another gelling agent, rolled
into a cylinder and along with a circular bottom sheet is added to the can. The
cathode is added, and the rod inserted, pushing the paper against the walls of the
cans. This compression releases some electrolyte from the cathode mix, soaking
the paper. As the paste is relatively thick, more electrolyte can be held by the paper
than the paste, giving an increased capacity; thus paper is usually the preferred
separator.

The seal of the battery can be comprised of asphalt pitch, wax/resin mix, or
plastic (usually polyethylene or polypropylene). Air space is usually left between
the seal and the cathode to allow for expansion. The function of the seal is to
prevent evaporation of the electrolyte, and to prevent oxygen entering the cell and
corroding the zinc.

The jacket provides strength and protection, and will hold the manufacturers’
label. It contains various components, which can be metal, paper, plastic, mylar
(biaxially oriented polyethylene terephthalate [boPET] polyester film), cardboard
(sometimes asphalt-lined), and foil. It should be noted here that the jacket is
not an active material in the cell but serves as the cathode current collector.
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The terminals of the battery are tin plated steel or brass. They aid conductivity and
prevent exposure of the zinc.

234
Disadvantages

There are various shapes and sizes of zinc—carbon dry cells, but the most common
ones fabricated are of size D (see Table 1.1 of Chapter 1). They have been used in
flashlights (familiar name “flashlight cell”), portable radios, photoflashes, and toys
since 1896 and are still manufactured today (Energizer Company). The reason for
producing large sizes is the physical limitation by which cell efficiency increases
by decreasing the current density; this corresponds to a large cell size [5]. Disad-
vantages in zinc—carbon batteries arise from the fact that electrolyte appears in the
overall cell reaction, resulting in a decreasing electrolyte concentration during cell
operation, and causing corrosion of the zinc anode by acidic NH ions [6]. As a
result such batteries have an unstable voltage and short battery shelf-life.

2.4
Alkaline Batteries

Research on zinc—carbon dry cells has improved their shelf-life and power density
for heavy duty devices such as portable lighting, motors, and has met the environ-
mental benign requirements. The improvements that were performed on zinc-—
carbon batteries in order to make them more efficient resulted in the development
of alkaline-manganese dioxide batteries, which are the most common commercial
dry cells.

Lewis Urry developed the small alkaline battery at the Ever Ready company labo-
ratory in 1949 and this cell design was further improved by Samuel Ruben in 1953.
The first modern alkaline cell was commercialized in 1959 by Ever Ready, and by
1970 it was produced all over the world. Currently over 15 billion alkaline cells are
used worldwide each year. They use the same anode and cathode as the zinc/
carbon cells, but their electrolyte contains an alkaline solution (aqueous KOH),
and, hence, their name alkaline cells. Their capacity at over 65Ah/kg is 25-30%
higher than the zinc/carbon cell. Furthermore, they have a very good performance
at high discharge rates and a continuous discharge at low temperatures.

The active materials used are essentially the same as in the Gassner cell: zinc
and manganese dioxide and C. However, the electrolyte is potassium hydroxide,
which is very conductive, resulting in a low internal electrical resistance for the
cell due to the higher ionic conductivity. In particular, synthetic manganese dioxide
(electrolytic manganese dioxide (EMD) or chemically synthetic manganese dioxide
(CMD)) replaced natural manganese dioxide ore because of its higher capacity and
activity over natural material, while black carbon replaced graphite in the anode
since it has superior conducting and absorption properties [7]. Furthermore, in
order to increase the surface area of the anode, the cell design utilizing a zinc can
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Figure 2.7 (a) The commercial design structure of an alkaline cell, (b) microporous
separator, taken from [1].

(which serves as a conductor and a mechanically strong container) as the anode
was replaced with a cell design using an external steel jacket and a gel of amalga-
mated zinc (Zn/Hg) powder mixed with electrolyte as the anode. This resulted in
a better ionic conduction and reduced the mass-transport polarization (Figure 2.7).
The current collector for this anode is a brass (CuZn) pin that is inserted through
the middle of the gel and connected to the anode terminal. The steel can is nickel-
plated or has a conductive carbon coating placed on the inner surface (Figure 2.7a).

It can be seen by comparing Figures 2.5b and 2.7a that alkaline cells are “inside
out” compared to the Zn/C cells since the manganese dioxide cathode is external
to the zinc anode, giving better diffusion properties, and lower internal resistance.
The container is made of steel which is readily passivated in an alkaline solution
and serves as both a conductor and a mechanically strong container. The entire
cell is hermetically sealed with nylon.

Additional advantages of alkaline batteries are: they have a longer service deliv-
ery over zinc—carbon cells; their capacity is constant during varying discharge
loads; they can be heavily drained for long periods of time. The operation tem-
perature is in the range of —20 to +70°C, the gravimetric energy density is 66—
99 Wh/kg or 122-268 Wh/dm’® and the total capacity can range from 700mAh to
10Ah for multiple-cell batteries with different voltages; multi-cell batteries are
made by connecting miniature or cylindrical cells in series or parallel. A typical
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Figure 2.8 Discharge curve at 500 mA for an alkaline cell; taken from [1].

discharge curve is shown in Figure 2.8. The typical commercial service capacity is
higher than the zinc—carbon battery (whose gravimetric energy density as men-
tioned before is about 55-77 Wh/kg or 120-152 Wh/dm’). The commercial sizes
of alkaline batteries vary from N, AA, AAA, C, and D. Small portable electronic
devices such as MP3 players, digital cameras, and scientific calculators are exam-
ples of devices employing general AA or AAA-size alkaline batteries. Alkaline cells
are not manufactured in a flat cell configuration, but they do come as button cells.

241
Electrochemical Reactions

The following half-cell reactions take place inside the cell:

At the anode: Zn+20H™ — Zn(OH), +2e” +1.25V
Zn(OH), +20H™ — [Zn(OH), "

At the cathode: 2MnO, + H,0+2e~ — Mn,0; + 20H" +04V

For full discharge: MnO, +2H,0+2e” — Mn(OH), + 20H"

Overall: Zn +2MnO, — ZnO + Mn,0;

or Zn+MnO, +2H,0 - Mn(OH), + Zn(OH),. +1.65V

It is not possible to describe the cathodic reaction on discharge in a simple unam-
biguous way, despite a lot of research. In fact the discharge curve has two fairly
distinct sections corresponding to the change in the oxidation state of Mn from
+4 to +3 and then to +2 during the reduction of MnO,. The reality is more com-
plicated than described in the two reactions shown above.

242
Components

For an alkaline cell, electrochemically produced MnO, must be used. The ore
rhodochrosite (MnCOs) is dissolved in sulfuric acid, and electrolysis is carried out
under carefully controlled conditions using titanium, lead alloys, or carbon for the
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electrode onto which the oxide is deposited. This gives the highest possible purity,
typically 92 £ 0.3%. The cathode itself also contains approximately 10% graphite—a
higher %C results in more powerful batteries. A typical composition of a cathode
would be 70% MnO, (of which 10% is water), ~10% graphite, 1-2% acetylene black
carbon, with some binding agents and electrolyte for aiding wetting with the
electrolyte by decreasing the surface tension.

The zinc anode must be very pure (99.85-99.90%) and is produced by electro-
plating or distilling. A small amount of lead is sometimes added to help prevent
corrosion (usually ~0.05%). The zinc is powdered by discharging a small stream
of molten zinc into a jet of air “atomizing” it. The powder contains particles
between 0.0075 and 0.8 mm. In particular, there are two methods for the formation
of the anodes from the powder:

¢ Gelled anodes: These contain approximately 76% zinc, 7% mercury, 6%
sodium carboxymethyl cellulose, and 11% KOH solution, which is extruded
into the cell as the viscosity is high. In very small cells NaOH is added to reduce
creepage around the seal area. However, this mixture is not ideal as it does not
fully utilize the zinc at high current densities. Two phase anodes have therefore
been developed, consisting of a clear gel phase and a more compact zinc-
powder gel phase, which enables 90% zinc usage.

¢ Porous anodes: The zinc powder is wetted with mercury and cold pressed,
welding the particles together. The porosity can be controlled by materials such
as NH,CI or plastic binders if required, which can be removed later. These
anodes can carry very high currents.

The separators are “microporous” and are made from woven or felted materials.
When nonwoven separators made from synthetic fibers are used, they must be
selected to resist high pH values of the alkaline electrolyte. An example of a poly-
meric membrane separator is shown in Figure 2.7b.

243
Disadvantages

Zinc can progressively corrode in the alkaline electrolyte, releasing hydrogen gas,
which results in a pressure increase and the consequent expansion of the cell.
Such a reaction can be suppressed by alloying Zn with elements such as Hg or
Pb; however, both are notorious for their toxicity. While the alkaline cells are
superior to the Zn-C dry cells, for their steadier voltage output, their longer life,
and their higher current capability, they still have a fairly high internal resistance.
Their components also have a high thermal coefficient of resistivity. As a result of
these factors, the faster an alkaline cell drained, the higher the percentage of the
load dissipated as heat. The capacity is therefore greatly reduced. For example,
with a AA-sized alkaline battery, the nominal capacity is >3000mAh/kg at low
drains (<500mA), but at a current drain of >1000mA (as may be typically required
in a digital camera), the capacity will be quite low at <750mAh/kg.
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2.5
Button Batteries

In addition to cylindrical batteries there is another category of batteries that are
known as button batteries. The common feature between material chemistries
used in button batteries is that they allow for low discharge rates, and therefore
provide a longer lifetime, making them suitable for scientific and biomedical
implantable devices. Their common design is shown in Figure 2.9, while descrip-
tions of button cells are given below.

2.5.1
Mercury Oxide Battery

The first button cell was the mercuric oxide (HgO) battery, which was developed
during World War II for military applications and was then used in scientific
instruments. This cell comprises of a zinc anode, and a mercuric oxide cathode,
while the electrolyte consists of zinc oxide mixed with potassium hydroxide/
sodium hydroxide (NaOH) (the zinc oxide makes up 7% of the weight of the potas-
sium hydroxide electrolyte). Because of its high performance, such as high capacity
per volume (300-500 W/dm’), stable voltage upon discharge, and long shelf-life,
this cell was used in hearing aids, watches, cameras, and scientific calculators.
There are two battery designs: a 1.35V, whose cathode is 100% mercuric oxide,
and a 1.4V, whose cathode is a mixture of mercuric oxide and manganese dioxide.

Insulating gasket

Anode Top cup

Separator

Cathode
Bottom cup

Figure 2.9 Configuration of a button battery; taken from [1].
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The first cell is suitable for stable voltage and long storage applications such as
sonobuoys (underwater sonic wave receivers) and early satellites, while the second
one is most suitable for long-term continuous low-drain applications, such as
hearing aids and watches. Due to the environmental concern on using mercury
metal, this battery was replaced by zinc/silver, zinc—air, and lithium batteries. In
addition to button cells, there also exist flat-pellet and cylindrical configurations,
but they are expensive and used only for special applications.

Electrochemical Reactions
The reactions that take place upon discharge of these cells are as follows
At the anode:

Zn+20H - ZnO+H,0+2e~ +1.25V
at the cathode:

HgO+H,0+2e” - Hg+2(OH) +0.0977 V
overall:

Zn+HgO —-7ZnO+Hg +1.35V.

A typical discharge curve is shown in Figure 2.10.

252
Zn[Ag,0 Battery

The first zinc/silver oxide battery was developed in the late 1930s by G. André by
using a suitable separator that could clearly separate the two electrodes. These cells
have a relatively high specific energy density of 150 Wh/kg, and can deliver current
at a very high rate, with constant voltage of 1.6 V. However, the construction mate-
rials are of high cost, so such battery systems are limited to the production of
button cells, for use in calculators, watches, hearing aids, and other such devices
that require small batteries and a long service life. A typical discharge curve is
shown in Figure 2.11.
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Figure 2.10 Discharge curve at 6.5kQ for a HgO cell; taken from [1].
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Figure 2.11 Discharge curve at 1kQ for a Zn/Ag cell; taken from [1].

The cathode is generally composed of monovalent silver oxide with added graph-
ite to improve conductivity. The anode is zinc powder mixed with a gelling agent,
which is then dissolved in the alkaline electrolyte; these batteries however are not
referred to as alkaline cells, although scientifically they are also a type of alkaline
cell. The two electrodes are separated by a combination of layers of grafted plastic
membrane, treated cellophane, and nonwoven absorbent fibers. The top cup (neg-
ative terminal) is made up of laminated layers of copper, tin, steel, and nickel, and
the bottom cup (positive terminal) is nickel-plated steel. An insulating gasket
prevents contact between the two. The cell looks similar to the HgO button cell as
shown in Figure 2.9.

Electrochemical Reactions
The reactions that occur in this cell are indicated below.
At the anode:

Zn+20H™ —»Zn(OH), +2e~ +1.25V
at the cathode:

Ag,0+H,0+2e” - 2Ag+20H" +0.35V
overall:

Ag,0+H,0+7Zn - 2Ag+7Zn(OH), +1.6V

The voltage of these batteries is around 1.6 V. It is linearly dependent on tempera-
ture, while they can be used continuously for several thousand of hours and their
shelf-life can be several years at room temperature. Their discharge characteristics
are relatively flat with a specific capacity of 80-90 Ah/kg.

2.5.3
Metal-Air Batteries

When a reactive metal anode is electrochemically coupled with an air (oxygen)
cathode, the cathode provides an exhaustible amount of nearly weightless reactive
component. A basic metal—air battery consists of a metal anode, an oxygen cathode,
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and an electrolyte through which ions can diffuse and electrochemically oxidize
the anode. While oxygen is consumed at the cathode, it is quickly replenished from
the surrounding air; thus, there is no material consumption at the cathode. Oxygen
diffuses through the porous cathode and is electrochemically reduced in the cell:

0,+2H,0+4e~ - 40H" +0.401V

The hydroxide ions then diffuse through the aqueous electrolyte (usually neutral
or alkaline solutions) and oxidize the metallic anode. Such cells have a high value
of theoretical energy density and provide a flat discharge voltage curve. The capac-
ity limit is determined by the anodic capacity and the presence of any parasitic
reactions. Strictly speaking, these cells are primary cells as they cannot be electro-
chemically recharged once the anode is exhausted. However, the spent anode can
be replaced mechanically with a new fresh anode; thus, the term mechanically
rechargeable battery is often used in the literature. Since air is used as an oxidant,
and a metal anode is considered as a solid fuel, the term metal fuel cell is also
sometimes used to describe these cells.

Considerable progress has been made in the development of air electrodes. A
metallic mesh is used as the current collector and as a support for the cathode.
An air access hole allows access to oxygen from the surrounding air. The rate of
oxygen transfer into the cathode is controlled by the area of the hole and/or the
porosity of a diffusion membrane deposited on the cathode surface. The operating
current achieved in the cell is directly proportional to the oxygen consumption at
the cathode. Thus, the current can be increased by increasing the porosity until
the reaction rate of the above reaction becomes rate limiting. The catalyst layer
itself consists of manganese oxide in a carbon matrix (a small platinum loading
may also be provided), and is made hydrophobic by admixing with fine Teflon
particles. Thus, a dry boundary is maintained between the gas phase and the
aqueous electrolyte.

A number of metallic electrodes have been developed for metal-air cells. Table
2.2 provides values for theoretical cell voltages, theoretical specific capacities, and
theoretical specific energies for selected metal anodes. The practical operating
voltages are often much lower due to polarization effects at the electrodes.

In the subsequent subsections, two different metal/air batteries are described.

Table 2.2 Metal-air cells.

Metal anode Theoretical Theoretical cell Theoretical specific Operating
capacity (Ah/g) voltage (V) energy (Wh/g) voltage (V)

Li 3.86 34 13 2.4

Al 2.98 2.7 8.1 1.6

Mg 2.20 3.1 6.8 1.4

Ca 1.34 34 4.6 2.0

Zn 0.82 1.6 1.3 1.2

Fe 0.96 1.3 1.2 1.0
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2.5.3.1 Zn/Air Battery

The zinc/air system has attracted much attention as a candidate for electrical
vehicle (EV) applications. It is also seen as an environmentally friendly cell. The
development of this battery began in the 1930s and was used for military radios
in World War II. It was finalized in today’s commercial design in the early 1970s
in N and D sizes, which are mostly used for paging equipment. Later on, the
button cell was introduced for hearing aids and watches. The chemistry design of
this cell was adopted from the research on zinc—air fuel cells, which comprised of
a zinc granular powder and electrolyte mixture anode, a hydrophobic cathode
composite (low surface black carbon and Teflon (polytetrafluoroethylene, C,F,,
(PTFE)) particles), a catalyst-coated nickel (Ni) screen layer, an air diffusion Teflon
layer, a hydrophobic Teflon layer, and an air distribution membrane. This cell has
air access holes allowing oxygen from the ambient atmosphere to enter the cell
and perform the electrochemical reaction at the cathode. These batteries are com-
mercially available in 1.4V single-cell, and 5.6V and 8.4V multicell batteries. The
energy density of the 1.4V batteries ranges from 442 to 970 Wh/dm®. These bat-
teries, therefore, are not only preferable from an environmental point of view over
zinc/silver, but are also more efficient. In addition to the button configuration,
Zn/air batteries are also massively produced in the flat cell configuration.

Electrochemical Reactions The electrochemical reactions that take place in this
cell are as follows:
At the anode:

Zn —7Zn** +2e” +1.25V
Zn* +20H" — Zn(OH),
Zn(OH), - ZnO+H,0

at the cathode:

%oz +H,0+2¢” —20H" +0.40 V

overall:

Zn+ %oz 57n0 +1.65 V.

In addition to providing high energy densities, the zinc/air cells have a flat dis-
charge voltage, after the initial fall from 1.4to 1.2V (Figure 2.12) and a long shelf-
life. The button cell configurations have been successfully applied in hearing aids,
watches, and other low-power applications such as memory preservation. For
electric vehicle applications, only modest progress has been made due to several
operational difficulties.

Disadvantages The service life of a Zn/air battery is affected by the “water vapor
transfer.” It arises from the inevitable vapor pressure difference between the
atmosphere and over the electrolyte. At low humidity, the electrolyte can get con-
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Figure 2.12 Discharge curve at 620Q for a Zn/air cell; taken from [1].
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Figure 2.13 Schematic depiction of a standard aluminum-air battery; taken from [1].

centrated causing cell failure due to electrolyte loss, while at high humidity the
electrolyte is diluted resulting in a lower conductivity. Under sustained water gain,
the cathode catalyst is easily flooded accompanied by a loss of electrochemical
activity. Direct oxidation of the zinc anode by oxygen entering the cell will result
in a loss of capacity, accentuated at higher temperatures. The alkaline solution is
also prone to carbonation due to direct reaction between the alkaline electrolyte
and the atmospheric carbon dioxide (380 ppm), which can aggravate a water loss
reaction and impede the air access at the cathode.

2.5.3.2  Aluminum/Air Batteries

The structure of a standard aluminum/air battery is illustrated in Figure 2.13. A
piece of aluminum is immersed in an electrolyte near a porous electrode. This
porous electrode has air on one side and the electrolyte on the other. The electro-
lyte can be an aqueous NaCl solution (or sea water) or an alkali solution such as
potassium hydroxide.

The aluminum reacts with OH™ ions to form aluminum hydroxide and release
three electrons. The OH™ ions are present either because the electrolyte is an alkali
solution, or because they are produced at the other electrode (see below). In par-
ticular, the reaction is

Al+30H™ — AI(OH), +3e~ +2.30V

At a very high pH, the Al(OH); may dissolve in the electrolyte and the correspond-
ing electrochemical reaction may be expressed as
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Al+40H™ — Al(OH), +3e” +2.31V

At the porous electrode (cathode), which is often made of carbon, the water in the
electrolyte reacts with oxygen from the air and absorbs the electrons produced at
the aluminum electrode as

0,+2H,0+4e” - 40H" +0.401 V.

With a salt water electrolyte, the open-circuit voltage of the cell is only about 1.2V,
but the normal operating voltage is much lower at about 0.7V or 0.8 V. With the
KOH solution, the voltages are about 0.5V higher and further optimized air elec-
trodes for use with alkali solution are commercially available.

The energy density of the aluminum/air battery is excellent, but it is not yet in
extensive use. The main reason for this is that corrosion reactions can take place
between the electrolyte and the aluminum, leading to hydrogen evolution. If this
happens at a high rate during operation, then clearly the main power-generating
function of the battery will be impaired, but even a low rate of reaction will cause
damage to the anode over time and this can happen during storage. However, if
the electrolyte is stored separately, and added when the power is needed, then this
problem can be avoided. This type of battery is usually called a reserve battery, and
this is one market in which aluminum/air batteries have had some success. It has
been reported that corrosion of aluminum can be minimized by using special
alloying elements and/or by using special additives in the electrolyte.

2.6
Li Primary Batteries

The demand for high energy density power sources to be used in small size and
light weight equipment, led researchers to explore Li-based cells since Li is the
lightest metal. The first Li battery system was introduced in 1958 by W. S. Harris,
who studied the solubility and conductivity of inorganic salts in the cyclic esters,
ethylene carbonate, propylene carbonate, gamma-butyrolactone, and gamma-
valerolactone. Li is the anode, while some form of C (as the current conductor) is
mixed with the electroactive cathode component such as manganese dioxide or
thionyl chloride, etc [8].

Apart from the fact that Li is the lightest of all metals and it can float on water,
it is also the most electropositive metal with a very low standard reduction potential
of —3.05V at 298 K; thus, a very high capacity of 3860 Ah/kg can be obtained from
Li. Other battery-base metals give off much lower capacities; sodium provides
1.16 Ah/g, while zinc gives 0.82Ah/g. The drawback with Li, however, is that it
can react very violently with water and air, prohibiting, thus, the use of aqueous
electrolytes under normal conditions. Due to the reactivity of Li, all Li battery
systems pay particular attention to abuse-free sealing (i.e., the consumer cannot
easily tamper with the sealing by accident or on purpose) and rely mainly on
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organic electrolytes which do not have as high a conductivity as aqueous electro-
lytes. Lower conductivity is advantageous since it allows for a low self-discharge
and, therefore, long life batteries can be obtained, which are particularly useful
in biomedical implantable devices. With many electrolytes such as propylene
carbonate, liquid sulfur dioxide, thionyl chloride, and some molten salts, Li
forms a passivating layer called the solid electrolyte interface, which prevents cor-
rosion but not cell discharge. Finding suitable mixtures of organic liquids and
metal salts that were safe to use took many years. This research resulted in the
production of many different kinds of cells with a wide range of applications,
from watches with millimeter batteries to batteries large enough to power small
cars. Cathode materials are varied but a special graphite with fluorine treatment
and manganese dioxide are among the most common used commercially for
nonrechargeable cells.

The first Li primary battery was commercially available in the form of a cylindri-
cal lithium/manganese dioxide cell by Sanyo Electric Co. in 1975. It was used in
cameras and similar devices. Another variation uses iron sulfide as the cathode.
This powerful combination provides a 1.5 V battery which can be directly substi-
tuted for alkaline or Leclanche (carbon-zinc) cells.

Several lithium systems have been developed over the past three decades. The
anode always comprises lithium metal while alternate materials have been
employed as cathodes. Examples of lithium primary battery systems are lithium-—
sulfur dioxide (SO,), lithium—manganese dioxide (MnO,), lithium—copper fluoride
(CuF,), lithium-silver chromate (Ag,CrO,), lithium-lead bismuthate (Bi,Os-2PbO),
lithium-polycarbon monofluoride ((CF),), lithium—iodine (I). However, lithium
primary batteries cannot compete with alkaline batteries in the market, due to the
fact that they provide the same life as alkaline batteries, but at much higher manu-
facturing costs, and at the expense of safety issues. In particular, the manufactur-
ing of lithium cells and batteries is a high technology business. The cells must be
assembled in rooms with relative humidity below 3% and preferably equal to or
less than 1%. Many major battery manufacturers have had serious factory fires
when the materials of the batteries were unintentionally mishandled. Two Li
battery systems are described below.

2.6.1
Lithium/Thionyl Chloride Batteries

In early 1968, a Li-primary cell was developed that allowed for a higher energy
density than the previous Li cells and had a service life of 15-20 years [5]. It consists
of a lithium foil anode and a thionyl chloride (SOCL,) cathode; both electrodes are
placed in an organic electrolyte that contains lithium ion electrolyte (lithium
tetrachloroaluminate, Li(AICl,)). These cells provide a very high capacity of 450
Ah/kg, and an energy density of 330 Wh/kg.

The thionyl chloride is blended with a specially chosen carbon, such that it can
be used as the cathode in a lithium cell without a separator; a more flexible feature
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in comparison with an aqueous battery. This allows a very low internal cell resist-
ance in a very high energy package. The aforementioned solid electrolyte insulat-
ing film reforms naturally the instant the discharge of the cell ceases. Such lithium
batteries can produce a very high current for fairly long periods of time. The cells
are expensive and must be assembled very carefully to avoid accidents, as they can
get very hot or even catch fire if they are not assembled and handled properly. The
discharge reaction for the Li/thionyl battery can be described as

211 — 2L +2e” ov
SOCI, +2Li" +2e” —2LiCl+ 1) S+ 1750, +3.6 V.
The overall cell reaction is

2Li +SOCI, — 2LiCl + % S+ % SO, +3.6V,

where the thionyl chloride acts not only as the cathode material but also as the
electrolyte when combined with a Li salt such as LiClO, or LiAlICl,. A carbon black
electrode is used as the conductor at the cathode. The cell provides a flat discharge
curve for a long period of time and is therefore useful for computer backup appli-
cations. This cell has a high specific energy density, a long shelf-life with low-to-
moderate drains and is well suited for medical devices such as pacemakers for low
current drains, drug pumps, and neuro-stimulators with medium power require-
ments. A flat discharge curve with a rapid loss of voltage at the end of the discharge
can be a serious problem in medical devices. A typical discharge curve is shown
in Figure 2.14.

2.6.2
Lithium/Sulfur Dioxide Cells

The lithium/sulfur dioxide cell was developed in the 1960s by Honeywell Inc.
and the Mallory Battery Company [5]. The electrolyte is highly conductive and
comprises of acetronitrile with dissolved lithium bromide (LiBr) and sulfur
dioxide (SO,). The SO, participates in the cathodic reaction on a porous carbon
current collector as

3.6
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Figure 2.14 Discharge curve at 36 kQ for a litium/thionyl cell; taken from [1].



2.7 Oxyride Batteries
2S0,(1)+2e~ —S,05° (1) 3.0V.

High-power cells are designed to deliver pulse loads of over 30A at a voltage of
2V. Practical energy densities of greater than 300 Wh/kg with capacities greater
than 400 Ah/kg are easily available. Overheating and thermal runaway can be a
problem in such a high current/high capacity cell; thus, use of shut down separa-
tors and other external safety devices, such as fuses or current limiters, is
important.

2.7
Oxyride Batteries

The most recent primary battery, launched in 2004, is the “Oxyride battery” by the
Panasonic Corporation in Japan. This cell is suitable for high-drain devices such
as digital cameras and cars [9]. In the same year a 2.9m special “oxyride car” with
a 50kg passenger was powered by only two oxyride batteries. The difference of
this cell from alkaline cells is that a “Tablet Mix Control System” was employed
to increase the amount of cathode materials, which are an oxy nickel hydroxide
(NiOOH) solution mixed with a finer grained manganese dioxide and graphite for
better cell performance. A vacuum-pouring technique is applied for packing a high
amount of electrolyte into the cell to increase the surface area of the electrode.
Higher power, longer battery life, and higher battery durability are therefore
obtained. The operating voltage of this cell is in the range of 1.5 to 1.7V, while
the capacity of the cell is 28 Ah/g for AA sizes and 25 Ah/g for AAA sizes (up to
two times longer than traditional alkaline batteries). The schematic representation
of the cathode and anode characteristics of alkaline compared to oxyride batteries
is shown in Figure 2.15. The active element indicated in the figure is finer grained
graphite powder.

As the oxyride batteries are under patent the discharge curves and half reactions
that occur are disclosed.

Zinc Gel

Alkaline New Manganese Dioxifle Oxyride
e Nickel Hydroxide

e Active elements

Figure 2.15 The schematic presentation of cathode and anode characteristics of alkaline and
oxyride batteries; taken from [10].
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2.8

Damage in Primary Batteries

Ideally the lifetime of batteries is dictated by their discharge curves, and they can
be used efficiently until the galvanic cell has been drained completely. Over the
lifetime of the cell, however, the morphology of the components will change; these
morphological changes affect detrimentally the electrochemical properties of the
cell. In particular, the following phenomena can be distinguished:

dendrite -

During operation of the battery the temperature increases. When crystalline
metals are exposed to elevated temperatures, their grains grow larger which
results in an increase in the impedance of the cell, due to loss of contact, thus
decreasing the capacity and energy density.

The diffusion of leaking electrons through the electrolyte to the anode surface
causes dendrite formation on the anode, which as a result increases the anode
volume and forces the two electrodes closer together. The self-discharge of the
battery therefore increases resulting in a shorter lifetime.

A metal (anode) may dissolve in the electrolyte and then reform at the cathode
as dendrites, as shown for zinc in an alkaline cell in Figure 2.16. Similar images
of dendrites are shown in Figure 2.17 [11]. The scanning electron microscopy
and transition electron microscopy images of the InSb anode material for
lithium-ion batteries were prepared by the solution route method. The dendrites
were nucleated and grown on zinc particles, which served as a reducing agent.
The electron transfer process in growing the InSb, therefore, is analogous to
the electron transfer process giving rise to the dendrites demonstrated in
Figure 2.16.
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Figure 2.16 Dendrite formation on Zn anode; taken from [1].
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Figure 2.17 SEM and TEM images of InSb dendrite; the InSb anode material was prepared
by the solution route method for a lithium-ion battery [11].

¢ When dendrite formation is severe, dendrites may penetrate the separator
giving a very high self-discharge, or even a short circuit of direct electron flow
between the anode and the cathode bypassing the electrolyte. Short circuit in a
battery is highly undesirable, as this can produce large local transient currents
leading to overheating and the unleashing of destructive power in the battery.
Accidental short-circuiting of such a cell can cause extremely high currents and
heating that can lead to excessive temperatures at which runaway reactions can
occur between the Li anode and the cathode and the components of the cell.
Breakdown of chemical compounds can result in a rapid build-up of pressure
within the cell resulting in explosions, fires, and serious secondary damages.

Internal short circuits do not only develop due to dendritic growth on the elec-
trodes, but can also occur by damaged separators, as follows: In the event of
overheating, the separators which are often made of polymers may be distorted or
may melt (or both phenomena can take place) resulting in a short circuiting and
increasing the rate of the runaway reaction; as more heat is produced, the reactions
occur faster and faster. To avoid fires that may take place in such cases two precau-
tions are taken: (i) external battery circuits are available that can cut off the device
on detecting a sudden drop in voltage, (ii) chemical inhibitors are added to elec-
trolytes to make them flame retarding or self-extinguishing by acting as sinks for
heat evolved in case runaway reactions occur. In order to prevent such deficiencies
from occurring, suitable separators have to be designed during manufacturing.
For example, separators are made rigid so as not to readily distort or melt on
heating or whose impedance increases rapidly on heating resulting in the shut
down of the battery. It is also common to provide for vents to avoid a dangerous
buildup of pressure inside the cell due to gassing. In general, batteries contain
reactive components and have the potential to be dangerous if they are not care-
fully designed or handled.
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2.9
Conclusions

Primary batteries are normally used in low drain applications. They are not suit-
able for high drain operations due to decreased lifetime and the need to be
replaced. Primary batteries reproduce typically only 2% of the energy used during
the manufacturing process and therefore are very inefficient from the point of
energy usage and sustainability but their easy to use nature makes them attractive
in many applications. In the next chapter more evolved electrochemical cells that

can be recharged will be presented.
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A Review of Materials and Chemistry for Secondary Batteries

R. Vasant Kumar and Thapanee Sarakonsri

The previous chapter was concerned with the evolution of electrochemical cells,
whose material chemistries allow for only one discharge to take place. As described,
however in Chapter 1, the most advanced battery chemistries are those which allow
for recharge to occur and, hence, the cell can be used multiple times. These reus-
able cells are therefore termed rechargeable or secondary batteries. To the nonex-
pert this term is a misnomer in the sense that secondary batteries are not inferior
to primary; the coinage of terms relates to history, as it can be seen in the timeline
(Table 1.4) presented in Chapter 1.

A secondary battery can effectively be reused many times after it is discharged
by applying electrical power to the cell to bring about the reverse reaction. In an
electrochemical cell the forward reaction is spontaneous while the reverse reaction
that takes place during charging is thermodynamically unfavorable (AG = posi-
tive). In order to reverse the reaction, the minimum applied potential required can
be calculated from AG = —nFE. For the Zn/Cu Daniel cell (also known as the
gravity or crowfoot cell), described in Chapter 2, the voltage given off upon cell
operation is Eqy =1.10 V. Thus, if an electrical potential more than 1.10V is
applied to the cell, the following charging reaction could take place:

Zn’*(aq)+ Cu(s) —» Zn(s)+ Cu**(aq)

However, as explained previously, the recharging of primary cells is not practiced.
After a secondary cell is fully charged, the electrodes attain their original state,
allowing the discharge reactions to occur spontaneously and, thus, the cell can be
used again to provide energy to an electric appliance/device. This charge—dis-
charge process is referred to as an electrochemical “cycle” and due to irreversibili-
ties in the cell system, it cannot be repeated indefinitely and eventually the cell
must be discarded. Reasons leading to the irreversibility of battery reactions are:
(i) the formation of an electrochemically inaccessible permanent phase during
and/or at the end of discharge, (ii) the loss of mechanical integrity and fracture
that result from the buildup stresses that occur during cycling. Due to these irre-
versible transformations, a capacity loss in occurs during cycling and eventually
the capacity tends to zero.

High Energy Density Lithium Batteries. Edited by Katerina E. Aifantis, Stephen A. Hackney, and
R. Vasant Kumar

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3.1 Some typical properties of secondary batteries [1].

System Nominal cell  Specific energy Cycle life (up to Charge  Self-discharge
voltage (V) (Wh/kg) 80% initial capacity) time (h) per month (%)

Lead-acid 2 30-50 200-350 8-16 5

Ni—Cd 1.25 45-80 1500 1 20

Ni-MH 1.25 60-120 300-500 2-4 30

Li ion 3.6 110-180 500-1000 2-4 10

Li polymer 3.6 100-130 300-500 2-4 10

Table 3.2 Global battery market forecast for 2010.

Type of battery Global demand in US$ in billion
Primary Primary total: 42

Carbon-zinc 8

Alkaline 22

Others 12
Secondary Secondary total: 54

Lead acid 28

Ni—Cd/Ni-MH and others 12

Li 14

The key properties of the main commercial secondary batteries are shown
in Table 3.1, while the commercial demand of these chemistries is shown in
Table 3.2.

The secondary battery market is predicted to grow by 20-25% by the end of this
decade, driven by the growth in the automotive and e-bikes sectors, the emerging
hybrid electrical vehicles (HEVs) as well as the green energy storage markets and
the reinforcement of emergency stand-by power in electrical grids and local/
regional micro-grids distributing power to customers. An overview of the develop-
ment of secondary batteries will be given in the present chapter and reference to
respective applications will also be made.

3.1
The Lead-Acid Battery

The first secondary (rechargeable) battery system was invented by Raymond
Gaston Planté, French physicist, in 1859, for powering the lights in train carriages.
Both electrodes consisted of lead, while the electrolyte was acidic, and therefore
this prototype rechargeable battery is known as the lead-acid battery. It is also
called the SLI battery since it controls the starting, lighting, and ignition of auto-
mobiles. The initial versions of these cells were composed of a single unit that
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PbO, electrode Pb electrode

spiral separator

(@) (b)

Figure 3.1 (a) An illustration of Planté’s original lead-acid cell [2]. (b) The pasted plate grid
in the later design [3].

contained two lead electrode sheets separated by a spiral rolled coarse cloth spacer,
which was later replaced by more stable rubber tapes and strips; the cell was then
filled with a sulfuric acid electrolyte solution. With continuous electrochemical
cycling the electrolyte corroded the lead producing lead dioxide at one electrode
and spongy lead at the other, increasing, therefore, the electrode surface area that
could participate in the reaction. As a result the capacity of the battery increased
after the first cycle. At that time (in 1859) this cell was also trialed for load-
leveling.” The original Planté cell is shown in Figure 3.1a.

After continuous research an improved lead-acid cell with increased capacity
was developed by Planté’s pupil, Camille Alphonse Faure in 1880-82 using a lead
foil as the anode and a plate of lead oxide-sulfuric acid (PbO,~H,SO,) pastes
pressed on a lead grid lattice as the cathode. This original idea of paste formed
cathodes has been more or less retained to the present day. A pasted plate grid is
illustrated in Figure 3.1b. Following the Faure design, several improved lead-acid
battery configurations were developed, such as the lead-antimony alloy grid that
was introduced by Sellon in 1881 which increased the mechanical strength of the
electrodes considerably. The lead—calcium alloy grid was designed by H. E. Harring
and U. B. Thomas in 1935, resulting in greater safety by reducing corrosion and
gassing. The basic architecture of modern lead-acid automotive batteries resem-
bles the Faure design.

Despite the arrival of several other secondary batteries in the last century, the
lead-acid battery retains the top spot in the secondary battery industry with a
market value approaching $28 billion per year (Table 3.2), as there are no economic
alternatives to automotive starting, lighting, and ignition (SLI) applications.

1) Load-leveling is the method by which electricity is stored during low demand periods (charged
at night) for use in high demand periods (discharged during the day), in order to reduce large
electrical demand fluctuations.
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Figure 3.2 Growth of e-bikes in China (note that the number of e-bikes produced were less
than 0.1 million in 2000) [4].

Lead-acid batteries are also the power source in over several hundred millions of
e-bikes (Figure 3.2) and have the potential to make a major impact in hybrid and
electrical vehicles in the near future.

The European Union emission targets (<130kg CO, per km) for vehicles are
already driving the increased use of the so-called absorptive glass mat/value regu-
lated lead acid (AGM-vRLA) batteries for micro-hybrid electrical vehicles (micro-
HEVs). The small electric motor of the vehicles is powered onboard by a 12-14V
AGM-VRLA battery for immediate restart after stopping in the idle, stop, and go
sequence. The engine restart that occurs after each automatic stop results in a
large number of high-rate load phases during the battery cycle life. The start-stop
cycle in the micro-HEYV is expected to decrease battery cycle life marginally; hence
the replacement market will rapidly increase in subsequent years [5]. If the battery
life is shorter, more batteries will be required for the same number of vehicles. A
number of major car manufacturers are planning to convert up to 80% of their
new hybrid vehicle fleets into micro-HEVs by 2012, while by 2015 it is predicted
that all HEVs will be micro-HEVs. In addition to the motive market, lead-acid cells
have an established presence in stand-by emergency power for medical, telecom-
munication, and memory back-up applications.

3.1.1
Electrochemical Reactions

It has already been noted that the positive electrode mass consists of porous PbO,,
while the negative electrode is made of porous Pb. For both electrodes the afore-
mentioned active materials are pasted on lead-alloy grids and the following reac-
tions take place during discharge
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The anode:
Pb(s)+S0% (aq) — PbSO,(s)+2e~ E=0.35V
The cathode:
PbO, (s)+SO%"(aq) + 4H,0" (aq) + 26~ — PbSO, (s)+6H,0(1) E=1.70 V
Overall:
Pb(s)+PbO,(s)+2S0% (aq)+ 4H;0"(aq) — 2PbSO,(s)+6H,0 E=2.05V

The above reactions are simplified versions of the reality, since sulfuric acid is
dissociated to bisulfate ion rather than sulfate ions in the acid solution:

H,SO, & H" +HSO;

Thus, the anodic, cathodic, and overall reactions involve the bisulfate ions rather
than sulfate ions, giving rise to the following overall reaction:

Pb(s)+PbO,(s)+2H" +2HSO; < 2PbSO, +2H,0

The above equation is known as the “theory of double sulfation” and was laid down
in 1882 by Gladstone and Tribe. Thermodynamically, Pb should corrode in the
acid solution to form lead sulfate while liberating hydrogen gas. Thankfully, this
reaction is limited due to the high overpotentials for hydrogen and oxygen evolu-
tion on both the lead and lead sulfate. Although this reaction is limited, it is not
negligible, however, and can be enhanced by impurities in the spongy active lead,
as well as by the presence of alloying elements (such as Sb) in the lead grid. By
similar thermodynamic considerations, lead dioxide can also self-discharge by
decomposing water to oxygen while converting itself to lead sulfate. The overall
water decomposition reaction to gaseous hydrogen and oxygen in the presence of
lead and lead dioxide in sulfuric acid is, thus limited, but not negligible over a
period of time. Battery designs must take this into account to minimize water loss
and to avoid the explosive hydrogen—oxygen recombination reaction.

3.1.2
Components

The reason that both the anode and cathode active materials are made porous is
to increase the high specific active surface over which the electrode reactions can
occur, allowing, thus the electrode reactions to take place more efficiently. In
particular, the volumetric porosity of the active masses is over 50% at both elec-
trodes. During the reactions sulfuric acid (H,SO,) is consumed and lead sulfate
(PbSO,) is produced at both electrodes. The discharge capacity is directly increased
as a result of increased availability of active components and a decrease in the
current density. Initially the electrodes comprise of PbO, which is converted into
porous Pb (anode) and porous PbO, (cathode) on initial charging. The lead grids
provide mechanical support for the electrode pastes and also act as electronic
conductors between the electrodes and the load. The combination of a grid and
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Figure 3.3 A cut-away version of a lead-acid battery [4]; over 80% lead is consumed in
making batteries.

the paste on it is referred to as the plate. A separator, usually made of micro-porous
polyethylene, is used between the positive and negative plate in order to prevent
electrical shorting while the container and the lid are made of polypropylene,
which is light, strong, does not embrittle at freezing temperatures, and most
importantly it is resistant to attack by the sulfuric acid. A schematic cut-away
diagram is shown in Figure 3.3. The specific electrical conductivity of the H,SO,
aqueous solution electrolyte in a lead-acid battery is of the order 0f 0.6 t0 0.8 Q' cm™,
while that of Pb is 0.5 x 10° Q'cm™, and that of PbO, is 0.7 x 10°Q'cm™. Due
to sulfation, however, that takes place during discharge, the resistance of the active
masses at both electrodes increases. In normal discharge, for the negative active
mass, the decrease in conductivity is about 30%, while for the positive active mass,
it is around 90%,; Despite this large decrease in conductivity, the resistance of the
electrolyte is still dominant.

Until two decades ago, in order to achieve rigidity in the grid, it comprised of
Pb-10wt.%Sb. But Sb is prone to dissolution in the acid, resulting in loss of water
through dissociation. Thus, in order to maintain the battery, water addition was
frequently required. The acid was, hence, contaminated and hydrogen was also
generated requiring controlled venting to avoid explosions. As a result the battery
life was relatively short at only 2 years.

Modern batteries are made to be maintenance free and need no water addition
throughout their life, which is extended to 4-5 years. The amount of Sb is decreased
to 1.5wt%, while hardening of the Pb is achieved using 0.1 to 0.5wt.% Ca in the
Pb alloy. Traditional SLI batteries are also termed flooded batteries as the cell must
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be filled with water in order to compensate for the loss of water, to hydrogen and
oxygen, during electrolysis. The previously mentioned valve regulated lead-acid
(VRLA) cells, which dominate the micro-HVE industry, minimize the need to refill
with water by suitably changing the composition of the alloy grid. The polyethylene
separator is replaced by an absorptive glass mat (AGM) separator, which absorbs
the electrolyte, avoiding flooding and slippage, while the hydrogen and oxygen that
evolved during electrolysis are allowed to recombine back into H,O on catalyst
plugs, avoiding thus, water loss. At the same time a sealed valve vents gas out only
if the internal pressure exceeds a certain critical value. The porous separator can
also allow for oxygen to diffuse from the positive PbO, electrode to the negative
PD electrode, where it can react with the Pb to form PbO; this prevents the anode
from reaching a potential where hydrogen is easily produced. During charging
PbO is reduced back to Pb.

However, there are unavoidable limitations of lead-acid batteries, as service life
is shortened by (i) corrosion on the positive plate caused by operating the battery
at high temperatures above 21°C or by leaving the battery uncharged. A schematic
figure of a corroded grid is shown in Figure 3.4. (ii) Irreversible sulfation on the
negative plate occurring when the battery is left unused for a period of time. The
product of the discharge reaction which is lead sulfate will irreversibly recrystallize
to larger particles. Low surface area and nonconducting lead sulfate particles con-
sequently form during discharge and subsequently block the conductive path
needed for recharging; their formation is, therefore, associated with a capacity loss.

Figure 3.4 A corroded conventional lead grid on the positive plate; taken from [6].
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Moreover, lead sulfate has a 37% higher volume than lead or lead alloys which
will result in the expansion and deformation of the grid. Appearance of short
circuits at the edges of the plates and through the separators also causes sulfation
of the plates.

SLI batteries are not designed for deep discharge and they should be kept in an
open circuit in order to minimize corrosion, but they should be charged regularly
to prevent sulfation. They are designed to contain a large number of relatively thin
plates in order to maximize the surface area and current output. Before the auto-
mobile is started, a SLI battery is normally in the fully charged state and any lost
charge is replaced by the alternator and the battery is returned to its fully charged
state. Discharge below 50% will damage the plates permanently. Once the battery
is covered in sulfates, the battery is dead and will not respond to recharging.

The latest commercially available lead battery is the bipolar battery design, which
comprises of a lead metal anode in a sponged powder form pasted on lead grids
and a cathode in a lead dioxide powder form pasted on lead grids; the cell is filled
with a 4.5M H,SO, electrolyte gel instead of liquid. The battery consists of six cells
that are placed in series inside the casing such that the positive and negative active
materials are applied to each side of the electrode plates and interspersed with
insulating separators. Each single cell provides a voltage of 2V, which makes it a
12V battery. The greatest challenge is to replace the lead alloy grids with other
electronically light materials. By reducing the weight by 50%, a lead-acid battery
is capable of achieving an energy density approaching that of Ni-Cd or Ni-MH
batteries. To achieve this weight reduction, the following approaches are being
trialed: (i) a porous carbon-foam/carbon felt matrix filled with lead deposits;
(ii) carbon particles bonded within a polymer film; (iii) conductive titanium
oxide particles forming a composite with an epoxy resin; (iv) Ti-SnO, composite
electrodes.

3.1.3
New Components

Recently there was a report on a new invention of the Microcell™ foam by Firefly
energy (research and development laboratories of Caterpillar, Inc). The Micro-
cell™ foam is a corrosion-resistant material with superior physical and chemical
properties over conventional lead materials. The Microcell™ foam consists of
impregnated lead oxide slurry on grids, which is then further converted to lead
and a lead dioxide sponge (shown in Figure 3.5) that contains hundreds of spheri-
cal microcells. These microcells result in a diffusion path in the micronscale,
which enhances the reaction rate (in conventional batteries millimeter diffusion
distances take place). The ISL battery employing the Microcell™ is reported to
survive in very low temperatures such as —18°C. The comparison of the Micro-
cell™ foam electrode with a conventional lead electrode is shown in Figure 3.6.

Advances of this new technology introduced by Firefly are as follows:

The conventional lead electrode encounters a volume change of the active mate-
rial during cycling that is approximately 37%. This new electrode, however, was
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T

Figure 3.6 The comparison of a Microcell™ foam electrode (right) and conventional lead
electrode (left); taken from [6].

designed to accommodate these volume changes, through its micro-foam struc-
ture, as shown in Figure 3.7, indicating a constant volume that does not change
during electrochemical cycling. Dispensing with the volume changes inhibits
electrode pulverization, and battery failure, due to material failure, can be
prevented.

Replacing the conventional negative lead metal-based plate with a Microcell™
composite foam electrode in a 3D architectural technology offers a cycle life that
is four times longer than that of conventional lead-acid batteries, due to the fact
that sulfation is reversible in 3D cells. The Microcell™ foam electrode material is



62| 3 A Review of Materials and Chemistry for Secondary Batteries

Figure 3.7 Microcell™ foams do not experience mechanical damage during electrochemical
cycling. (a) An uncycled Microcell™ foam, (b) Microcell™ foam after usage; taken from [6].

Figure 3.8 Oasis battery from Firefly energy; taken from [6].
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not reactive in the acid and, hence, does not corrode. Reversible sulfation, un-
corroded material, and low self-discharge rates result in longer storage times and
longer periods of unused battery to about 3—6 months. The commercial battery of
Firefly energy is called the Oasis battery and a schematic diagram is shown in
Figure 3.8. The maximum capacity of the lead acid is approximately 170 Wh/kg.

3.2
The Nickel-Cadmium Battery

After the development of the lead-acid battery, it took a whole generation before
the second rechargeable battery became commercially available, which is the
Ni-Cd battery. Its predecessor was the nickel-iron alkaline battery that was devel-
oped by Waldmar Jungner, a Swedish scientist, in 1899. It consisted of a metallic
iron negative electrode, a nickel oxide positive electrode, and a potassium hydrox-
ide solution with lithium hydroxide acting as the electrolyte. This cell generated a
lot of hydrogen gas during the charging process, and therefore required an
unsealed battery design. A direct consequence was that leaking could occur easily
and therefore a short battery life was encountered. The gravimetric energy of these
batteries was 30 Wh/kg, while the cell voltage was 1.4V and the specific capacity
was 21 Ah/kg.

In the same year (1899) Junger invented the nickel-cadmium battery, which was
successfully commercialized in 1910 as a pocket-plate battery. Nickel hydroxide
mixed with graphite acts as the cathode, while cadmium hydroxide or cadmium
oxide mixed with iron or iron compounds acts as the anode; potassium hydroxide
solution is used as the electrolyte. On discharge, the NiO(OH) in the positive
electrode material changes to Ni(OH),, while the negative electrode material Cd
oxidizes to Cd(OH),, and water is lost. At the end of every charge some water can
be decomposed to hydrogen and oxygen. In some batteries, gas evolution during
charge and overcharge is prevented by special design features. For example, the
battery is constructed with excess capacity in the Cd electrode; thus, hydrogen is
not generated. In order to limit the amount of immobilized electrolyte flat pockets
of perforated nickel-plated steel strips were used to hold the active materials; the
steel, however, made the battery too heavy for applications in portable devices.
The gravimetric energy of these batteries was 27 Wh/kg, while the voltage and the
specific capacity were 1.25V and 20 Ah/kg, respectively. This cell also generated
hydrogen gas during charge but in a smaller amount than the nickel-iron battery,
and therefore was manufactured in both sealed and open or vented designs. In
the sealed design, hydrogen and oxygen gases that were generated at the positive
and negative electrodes during charging were recombined back to water. The open
design allowed the release of gases and required the periodic addition of water in
order to replace the vented gases.

In 1932 the sintered-plate nickel-cadmium battery was invented by Shlecht and
Ackermann; two German scientists. The gravimetric energy of these batteries is
30-37Wh/kg, the voltage is 1.25V and the specific capacity is 25-31 Ah/kg. The
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Figure 3.9 Micrograph of a sintered nickel plate; taken from [7].

sintered plate (Figure 3.9) is a high surface area porous substrate impregnated
with nickel and cadmium particles, and it is fabricated by a wet-slurry process: a
viscous slurry carbonyl nickel is applied on both sides of the nickel-plate grid,
which is then sintered at 800-1000°C. These cells also exist in both vented and
sealed designs. The vented design gives a high rate performance which is suitable
for engine ignition (aircraft and diesel), but expensive due to the large amount of
nickel used. The sealed design is suitable for portable devices such as cameras,
phones, computers, and camcorders due to the advantage of being maintenance
free (it is not necessary to regularly add water).

The further improved sealed nickel-cadmium battery is a jelly-roll design in
which the cathode and anode layers are rolled into a cylindrical shape. This latest
commercial design of the nickel-cadmium battery is mostly used in portable
devices such as mobile phones, digital cameras, and power tools. The components
of this cell are a cadmium metal anode, a nickel oxide hydroxide or nickel (III)
oxide (Ni,0;) cathode, and a potassium hydroxide (with a small amount of lithium
hydroxide) electrolyte solution. The gravimetric energy of these batteries is 40-
60Wh/kg, the voltage is 1.2V, and the specific capacity is 50 Ah/kg. The modern
Ni-Cd configurations are shown in Figure 3.10.

The drawback of all Ni-Cd rechargeable battery systems is that they need to be
fully discharged before the charging process should be initiated in order to obtain
maximum cell voltage. Otherwise, upon charging the voltage at which discharge
ceased will be attained, instead of the maximum voltage possible. This deficiency
is referred to as the “memory effect.” The memory effect usually is more pro-
nounced as the number of charge—discharge cycles is increased. The effect can be
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Figure 3.10 Modern configurations of Ni—Cd batteries [8].

erased in most normal circumstances by a full discharge followed by a full charge.
It is reported that the memory effect is connected with the changes in the crystal
size involving the reaction between Ni and Cd in the negative electrode material
and the large surface area of the sintered nickel support.

3.2.1
Electrochemical Reactions

The reaction at the anode is

Cd(s)+20H (ag) — Cd(OH),(s)+2e” E=0.82V
The reaction at the cathode is

2NiO(OH)(s)+2H,0(l)+2e” — 2Ni(OH),(s)+20H (aq) E=048V
The overall reaction is

Cd(s)+2NiO(OH)(s) +2H,0(l) - Cd(OH),(s) + 2Ni(OH),(s) E=1.3V

The reversible potential for the overall cell reaction for a Ni—Cd battery is 1.3V
and has a higher energy density and a longer life than a Pb-acid battery. For a
typical 25% depth of discharge (DOD), the cell can accept recharging for several
thousand times. Even at a very high DOD approaching 80%, the cell can be
recharged a few hundred times. This is because degradation reactions in the cell
are not massive. Over a long period of usage, however, the NiOOH is converted
into Ni dioxide hydroxide which is not reversed back into usable active material.
A major problem with Ni—Cd batteries has been the use of toxic Cd and using this
battery in toys is not appropriate.
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3.3
Nickel-Metal Hydride (Ni-MH) Batteries

The Ni-MH batteries began their life as nickel-hydrogen (Ni-H) cells in the 1970s,
mainly driven by research of hydrogen storage in metallic alloys. The first Ni-MH
batteries were commercially available in 1989 as a variation of the Ni—H cells and
their development is associated with the name of the inventor Masahiko Oshitani
from the Yuasa Battery Company. He is currently a president and CEO of Blue
Energy Co., Ltd. As the name suggests, the cathode in a Ni-MH battery is identical
to the one in a Ni-Cd battery, while the anode is a compound of alloys expressed
as ABs where A is comprisesd of an alloy of rare earths: La, Ce, Nd, and Pr while
B is an alloy of Ni, Co, Mn, and Al. Thus, the MH electrode represents the alloy
hydride which can reversibly absorb hydrogen during charging and desorb hydro-
gen into the electrolyte during discharging. The electrochemical reactions during
discharge are
at the anode:

MH(s)+ OH (aq) > H,0+e +M E=0.72V
at the cathode:

NiO(OH)(s)+H,0(1)+e~ — Ni(OH),(s)+ OH (aq) E=0.48V
overall reaction:

NiO(OH)(s)+ MH —» Ni(OH),(s)+M Eg =12V

The electrolyte is an alkaline solution as in a Ni—Cd cell, and most frequently it is
KOH (aqueous). The anodic compound is also sometimes made of AB,, where A
is Ti and/or V, and B is Zr (or Ni) with Co, Cr, Fe, and Mn.

A Ni-MH battery has nearly double the energy density of Ni-Cd at 70-80 Wh/
kg with a peak power density ranging between 200 and 1000 W /kg. The nominal
cell voltage is 1.2V, giving a specific capacity of 60-70 Ah/kg. The Ni-MH battery
is the battery of choice for aerospace applications and is also promising for use in
HEYV applications. As a result of the higher energy density and the use of nontoxic
elements, the Ni-MH battery has replaced the Ni—Cd battery in many applications
in low-end electronics, mobile computing, and wireless communications and
processing. In general, the Ni-MH battery is less durable than the Ni-Cd battery
and can suffer from high self-discharge, poor cycling ability, and lower shelf-life
at higher ambient temperatures. The memory effect of Ni-MH is similar to that
described for the Ni—Cd battery. It should be emphasized that damage in these
cells can occur during charging, and therefore, specially designed chargers or
special charging methods need to be used.

In concluding, it is of interest to note that just as foams are the most promising
electrodes in the newly designed lead-acid batteries described in the previous
section, extensive research is being performed to use open cell Ni foams as cath-
odes (Figure 3.11) in Ni-MH cells, as they are mechnically more stable. All these
studies are under an experimental stage and details can be found in [9].
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Figure 3.11 Open cell Ni foam, taken from [9].

3.4
Secondary Alkaline Batteries

The competitor of the Ni-Cd battery is the alkaline manganese secondary battery,
which was first launched in the market by the Union Carbide Company (USA) in
1946 and is available in D and G sizes (Table 1.1, Chapter 1). This cell consists of
a zinc gel (mixed with electrolyte) anode and a cathode comprising manganese
dioxide and 10% graphite mixture, which are mixed with aqueous potassium
hydroxide (KOH) electrolyte to form a paste; hence the electrolyte and the cathode
are one solution. All components are packed in a special hermetically sealed cell.

The Rayovac Company (USA) started producing Rechargeable Alkaline Manga-
nese dioxide-zinc (RAM) batteries cells in 1993 with an energy density of 80 Wh/
kg or 220 Wh/dm’, which is twice that of Ni-Cd batteries. Moreover, self-discharge
loss is only 0.01% per year compared to Ni—Cd, which is 1% per year, and most
importantly they are environmentally benign and exhibits excellent charge-reten-
tion properties over Ni-Cd. RAM cells are currently available in AAA, AA, C, and
D sizes, and they are mostly used in toys, games, personal compact disks, cassette
players, and tape recorders.

3.4.1
Components

As mentioned, Zn powder mixed with gelled KOH is used as the negative elec-
trode; while MnO, mixed with graphite and doped with 10% Bi,0;, to allow the
reversible process to occur, is used as the positive electrode. BaSO, and Ag catalyst
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are also added at the cathode to increase the capacity and the cycle life. The Ag
helps to recombine the H, and O, gases produced by the Zn corrosion. Apart from
this, the chemistry and geometry of this battery are similar to that of a primary
alkaline battery [5] (see Chapter 2). These cells operate as secondary batteries with
a 1.5V window.

Despite some effort, these cells have not penetrated the market beyond a small
segment. In particular, the high internal resistance is restrictive in achieving load
currents less than 400mA, making the cells only adequate for low power demand
applications. The cycle life is rather poor at 10 to 50 cycles, depending upon the
depth of discharge. Despite the low purchase cost, the cost per cycle is much
higher than the well-established secondary cells (Li-ion, Li-polymer, Ni-MH).
However, the rechargeable alkaline cell is more economical than the primary
alkaline cell. The self-discharge is very low, thus making the alkaline rechargeable
battery useful for storing as a stand-by for up to a decade. Currently these cells are
produced by the Pierce Energy Battery Company (Canada), and the Alcava range
by the Young Poong Corporation (Korea) [6].

3.5
Secondary Lithium Batteries

It did not take long for researchers to realize that lithium-based cells were promis-
ing candidates for secondary batteries as well. Due to its low density, lithium has
a specific capacity of 3860 Ah/kg in comparison with 260 Ah/kg for Pb. Li is also
one of the most electropositive metals, giving rise to very high electrode potentials.
Thus, the theoretical energy density achieved by Li is even more favorable in
comparison with base metals and transition metals.

The first commercial secondary Li cells were manufactured by Exxon Company
(USA) in the 1970s with a LiTiS, cathode. In 1980, Moli Energy (Canada, now
E-One Moly Energy Ltd.) commercialized Li batteries with a LiMoS, cathode, while
a few years later Taridan (Israel) used a Li,3sMnO, cathode. These three batteries
used a Li foil as the anode and various liquid organic electrolytes. The gravimetric
energy of the Li-MoS, battery is 61 Wh/kg, while that of the Li-MnO, battery is
230Wh/kg. The first two, aforementioned, battery systems are not available pres-
ently due to their short life (a few cycles) while the Li-MnO, system is not available
due to safety issues that resulted from the high reactivity of the metallic lithium
anode with the electrolyte; a solution of LiAsF; in dioxolane solvent had to be used
for this cell. Furthermore, use of pure Li as an anode causes safety issues, as Li
dendrites are easily formed under a normal rate of charging.

The Nippon Telegraph and Telephone Corporation (NTT), commercialized a
AA-size Li battery with a LiV,0s cathode and a Li—Al alloy anode that is used until
today. The energy density of these secondary batteries varies from 64 Wh/kg to
135Wh/kg and their cycle life is between 150 and 400 cycles. The most efficient
secondary battery, though, is the lithium-ion battery which was commercially
introduced by Sony in 1991 after pioneering research by Goodenough et al. [10].
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This cell chemistry included a LiCoO, cathode and a carbon anode, whose potential
after being fully charged is 4.2 V. The reversible reaction occurs by the intercalation
reaction of lithium ions between the LiCoO, and carbon frameworks in a nonaque-
ous liquid organic electrolyte (1M lithium hexafluorophosphate (LiPFg) in 1:1
weight mixture of EC:DEC (ethylene carbonate:diethyl carbonate)). The face-cen-
tered cubic structure of LiCoO, met the requirement of small volume changes
(about 2%) during the Li-insertion and deinsertion that took place upon electro-
chemical cycling. The delithiated state is believed to maintain its layered structure,
which is similar to a hexagonal close-packed structure. Graphite is a suitable anode
material since its layered structure with hexagonal vacant sites allows lithium ions
to be inserted with a very small volume change taking place (about 11%) and can
return back to its initial volume after the delithiation process. The cell potential
arising from the voltage difference between delithiated LiCoO, and lithiated carbon
is large, making it a high energy density battery. The gravimetric capacity of this
cell is 372mAh/g or 800 mAh/dm’ and it was shown in Figure 1.12 of Chapter 1
that Li cells have the highest energy density of all secondary cells. However, a
safety concern arises from the high reactivity between the lithium and the organic
electrolyte in the deep charging state and may result in fire initiation (although
this is rare). Use of a gel polymer electrolyte can prevent such risks; This gel
electrolyte is used as a very thin film in order to overcome the resistance arising
from the low conductivity of the polymer.

Upon full lithium utilization, the cell capacity is 3860 Ah/kg, simply calculated
by Faraday’s laws. Thus, the actual rated capacity of the cell in Ah is determined
by the weight of lithium in the cell. The specific capacity on the other hand takes
into account the total mass of the cell and is the ratio of the rated capacity and the
mass of the cell. In a general case, the cell mass can be calculated as

Ween = WLifA + WLifc + Waux,

where wy; is the mass of lithium in the cell, f, is the multiplier for the anode mass,
fc is the multiplier for the cathode mass, and w,,, is the auxiliary mass of the cell,
which accounts for approximately 20% of the mass of the active parts of the cell;
these parts include the electrolyte, the separator, the connectors, and other remain-
ing components. Thus, as an approximation,

Ween ~ 1.2 WLi(fA +fc)

and the specific capacity is given by
W]_13860/1.2 Wi (fA + fc) = 3860/].2 (fA + fc)

The specific energy density, which is the energy density divided by the weight of
the cell, is the product of the specific capacity and the operating voltage in one full
discharge cycle. The values may be quoted for an average voltage or the maximum
voltage in the discharge sequence. For a constant current drain, I, the specific
energy density, E, can be written as

E= [I WLiJ.V dt:|/ch11,
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with the integration being carried out over the full specified discharge time. The
specified discharge time is related to a maximum and minimum voltage threshold
value to allow for recharging the battery. Outside the threshold values, the battery
may attain an irreversible state. Furthermore, the specific energy density is related
to the specific capacity, Q, as follows:

E = Qvaverage = WL13860/12 Wi (fA + fC)VaVerage = 3860/12 (fA + fC)Vaverage-

3.5.1
Lithium-lon Batteries

As previously mentioned, in a Li-ion cell, both electrodes are based on insertion
materials which can insert and deinsert lithium reversibly over many cycles.
Graphite and other carbon anode materials can readily achieve this at a potential
which is still relatively close to that of pure Li. While the rate of charging, cyclabil-
ity, and safety are significantly improved with a carbon anode, in comparison with
a pure Li, the self-discharge rate is much higher.

A typical Li-ion battery can be schematically represented in Figure 3.12 while
the working principle is depicted in Figure 3.13. In addition to the Co-based com-
pounds, the Li cathode can comprise of other chemistries based on Mn, P, Ni, and
Fe and various combinations. Table 3.3 provides a comparison between different
cathode materials.

In order to maximize the specific energy density, it is desirable to minimize the
weight of the cell, while maximizing the ratio of the weight of Li to the weight of
the cell. For the Li-ion cell, for example, the theoretical stoichiometric value of the
anodic multiplier (f,) is equal to 10.3 while for the cathode (f¢) it is 25; thus, the
maximum theoretical specific energy density for a maximum 4.2V cell (with dis-

Lithium lon battery during discharging

Layered cathode insertion

. ) Current collector
Currenggollector Layered anode insertion

Electrolyte Separator

Figure 3.12 Schematic representation of discharge in a Li-ion battery [4].
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The working principle for the Li-ion battery
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Figure 3.13 Working principle of Li movement between the two electrodes [4].

Table 3.3 Comparison of properties of different cathode chemistries [8].

Chemistry Nominal Charge Chargeand Energy Applications Note

V (V) Vlimit discharge  density
v) C-rates (Wh/kg)

Cobalt 3.60 4.2 1C limit 110-190 Cell phone,  Since the 1990s it
cameras, has been most
laptops commonly used

for portable
devices; has a high
energy density

Manganese 3.7-3.8 4.2 10C cont. 110-120 Power tools, Low internal

(spinel) 40C pulse medical resistance; offers a
equipment  high current rate

and fast charging
but a lower energy
density

NCM 3.7 4.19 ~5C cont. 95-130  Power tools, provides a

(nickel- 30C pulse medical compromise

cobalt equipment  between high

manganese) current and high
capacity.

Phosphate 3.2-3.3 3.6Y 35C cont. 95-140  Power tools, New, high current

(A 123 medical rate, long cycle

system) equipment life, high charge

V, increased
capacity but

shorter cycle life

a) Higher voltage provides more capacity but reduce cycle life.
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charge the voltage decreases) is calculated to be between 380 and 460 Wh/kg
depending upon whether the weight of the auxiliary components is taken into
account or not. In practice, Li availability in both the anode and the cathode is
more than halved; thus, the multipliers are typically fy > 21 and f > 50; the excess
value arising from the weight of the binder and other additives.

The operating voltage during discharge is decreased from a maximum value of
4.2V to a cutoff value of 2.8V, giving an average value of 3.35V over the discharge
cycle. The practical specific energy density is therefore in the region of 160 Wh/
kg for a Li-ion cell. The only practical method for marginally increasing the specific
energy density of a Li-ion cell is to decrease the weight of the auxiliary components
of the cell further down; if, however, the Li-availability can be increased to the
maximum stoichiometric region for both the electrodes, then the specific energy
density could be doubled.

The actual specific energy density achieved by a Li-ion battery is in the region
of 160 Wh/kg. It is widely believed that with a considerable amount of research
and development the maximum specific energy density that can be achieved for a
Li-ion cell within the next 5 years could be 250 Wh/kg per cell.

Due to their superior specific energy and energy density, long-lasting small size
secondary lithium-ion batteries are suitable for most portable devices such as
notebook computers, mobile phones, digital cameras, and most importantly for
the future zero emission (or no exhaust) vehicles such as the Tesla Roadster elec-
tric car, from Tesla Motors, Inc. (USA), which was released as the first prototype
in July 2006. The Tesla Roadster is a two-seat sport car, with an open-top, rear-drive
roadster, and 6831 lithium-ion batteries (53kWh) are used to power it, requiring
3.5 h of charge time. The maximum range for driving is 245 miles. The Tesla cars
are reported to currently be in production [11].

To understand the superiority of Li-ion battery powered electric vehicles, a lead-
acid battery powered electric car, the Reva car, is described. The Reva car is manu-
factured by the Reva Electric Car Company, Bangalore, India, since 2001. It is a
small three-door hatchback car, which is powered by eight lead-acid batteries (each
giving 6V) that are connected in series to obtain 48 V (9.6kWh) with 6 h charge
time. The maximum range for driving is 50 miles. It is therefore understood why
Li-ion batteries are the most promising and sought-after power sources for electric
vehicles.

Considerable Research & Development programs have greatly helped the incre-
mental development in the performance of Li-ion batteries (Figure 3.14) accom-
panied by a massive increase in volume and reduction in cost (Figure 3.15).

It should be noted that Li batteries did not replace in the market, the existing
lead-acid or Ni—Cd batteries which maintain their existing market positions.
Instead these new rechargeable batteries created the digital and portable device
revolution by accelerating the development of portable computers, cellular tele-
phones, and cordless hand-held tools to a degree that was impossible to imagine
in the so-called mature market of rechargeable batteries before the 1990s. Both
the Ni-MH and the Li-ion cells are produced in the region of 1 billion cells per
year each with a market value of approximately $4 billion and $10 billion per year,
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Progress in Li-ion Battery Energy Density
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Figure 3.14 Development of performance in Li-ion batteries [4].

respectively. This is a staggering growth considering these cells were not available
at all 18 years ago. Ni-MH and Li-ion batteries are not only lighter due to their
high specific energy density (Wh/kg) than the Ni-Cd and the Pb-acid rechargeable
batteries but are also smaller due to their high volumetric energy density. It is the
high values of Wh/kg and Wh/liter that have been the key factors in their rapid
growth. It should also be noted that in the early 1990s, the Ni-MH system made
good use of the Ni—Cd type of facilities and cutting down on manufacturing lead
time.

352
Li-Polymer Batteries

In 1999 secondary Li batteries were developed that had a similar electrode chem-
istry as Li ion, but with the liquid/gel Li-ion electrolyte being replaced with a
polymer. These batteries were therefore termed Li polymer. Although the same
electrodes as those used in Li-ion cells can be employed in Li-polymer cells, other
materials may be more efficient.

As the name suggests, a polymer electrolyte can be used to replace a separator
soaked in a liquid electrolyte. Use of a dry polymer electrolyte can lead to a higher
safety and reduced flammability and offers simplicity with respect to fabrication
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Cost per Wh and Volume of Production of Li-ion Batteries
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Figure 3.15 Evolution of volume and cost for Li-ion batteries [4].

and geometry. Very thin film type batteries are made possible with a polymer
electrolyte. A true polymer electrolyte has low conductivity, thus, offering a higher
resistance to charge movement that inhibits the rate of discharge and charging. It
should be noted that as a way of compromise, the Li-polymer batteries do not as
yet commercially use true polymers but instead use soft polymer solids of the gel-
type electrolytes.

3.5.3
Evaluation of Li Battery Materials and Chemistry

As it already shown, Li batteries are the most advanced secondary electrochemical
systems and, therefore, the following chapters are dedicated to next generation
electrodes and electrolytes for Li batteries. The standard way to test the ability of
materials to act as rechargeable Li electrodes is to electrochemically cycle them
between the charged and discharged state in order to determine the battery power
capability and “lifetime.” The lifetime of a rechargeable battery depends on the
stability of the voltage:current:capacity relationship as a function of the number
of cycles. Such testing can be performed in several ways such as by using flooded
and button cells. Button cell testing is more standard and used in most laborato-
ries. Since the majority of the results presented in the remaining chapters were
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obtained through electrochemical cycling, electrochemical testing will be briefly
described here. First of all, the active electrode material needs to be mixed with a
binder (e.g., 10% PVDF) and a small amount (~10%) of carbon to make a laminate.
Then the laminate is coated onto a Cu foil by a doctor blade; the Cu acts as the
current collector. After drying a solvent out in the oven, it is punched out into a
circular shape and weighted to obtain the active material used in the cell. The cell
assembly is then performed in a dry room using a lithium foil as the counter
electrode. An example of a liquid electrolyte chemistry is 1M LiPF4in 1:1 EC:DEC.
If it is electrolyte candidates that are to be tested, standard electrode materials are
used and the electrolyte is substituted. The maximum possible energy in the elec-
trochemical cell is determined by measuring the open circuit voltage (OCV) as a
function of the state of discharge. This will act as a benchmark in understanding
the amount of internal resistance associated with mass and charge transport. After
the OCV measurement, the button cell is put in the cycler (battery test station).
The testing procedure starts by discharging (or charging) the cell at a certain
current between the maximum and minimum voltages, and once it reaches a
minimum voltage, it will automatically charge and so on. The rate of discharge-
charge can be varied by varying the current. Then the software gives a plot between
voltage and time as shown in Figure 3.16. Multiple plots voltage:time for the
charge—discharge cycle can also be obtained. The capacity of the tested cell can
then be calculated for each discharge and charge cycle by measuring the area
under the curve and dividing by the active material weight to obtain the capacity
in mAh/g.
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Figure 3.16 Curve obtained from electrochemical cycling.
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3.6
Lithium—Sulfur Batteries

The newest type of Li battery invented is the Li-S battery, which has a very high
theoretical specific energy density at 2600 Wh/kg (weight of the cell) in comparison
with the highly successful and now well-established Li-ion batteries at 460 Wh/kg.
This difference arises from the fact that a Li-ion battery uses a carbon anode and
a cobalt oxide cathode both of which can at the best support Li in the weight ratio
of 1:10 and 1:25, respectively. A Li-S battery is based on a pure Li anode with a
1:1 weight ratio and a sulfur cathode with a theoretical weight ratio of 1:2.3. In
practice, both batteries are capable of only partially utilizing the electrodes.

When compared with Li-ion battery development, the Li-S activity has only
recently begun and with further research and development, a massive injection of
energy density is potentially available. Thus, the starting point for the Li—S battery
is the current maximum specific energy density for the Li-ion battery. Currently
available Li-S prototypes are already in the 150-220 Wh/kg range and are poised
to achieve a target range of 350-500 Wh/kg in the next 5-10 years (see Figure 3.17).
It is instructive to compare the rate of progress for the Li-ion battery since its
inception in 1991 with that of a speculative scenario for Li-S assuming its practical
starting point in the year 2000 (see Figure 3.18).

A Li-S battery can surpass this storage capacity and lead to a new revolution in
battery technology. The prize of achieving 500 Wh/kg and 500 Wh/liter is worth
the technological, manufacturing, and commercial effort that it is currently under-
taken. A Li-S battery can also produce a high power density comparable to that
provided by Ni-Cd batteries, which makes it very attractive for high energy-high
power applications. But unlike a Ni—Cd battery, a Li-S battery is not known to
suffer from memory effect and is very tolerant to overcharging.
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Ni/MH

Ni/Cd

F u u 7
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Figure 3.17 Even at a low % of theoretical energy usage, Li/S cells have a high energy
density [4].
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Figure 3.18 Current demonstration of Li-S batteries has achieved over 350 Wh/kg of energy
densities; however, the capacity fade with cycling is still being solved [4].

The potential availability of very high energy density puts the Li-S battery in a

league of its own, which can become the new standard bearer for another battery
revolution in the next 15 years. The following factors provide convincing pointers
for a potential exponential growth that the Li-S battery can provide:

A growing demand for significant weight reduction and/or higher runtime in
portable digital, power tool, and medical devices.

Lower voltage trends of consumer electronic products (2.1V for a Li-S battery
vs. 3.8V for a Li-ion battery).

Innovations in wireless, portable devices for digital, hand-held tools and
medical applications.

Growing interest in electrical vehicles (EVs) and HEVs requiring high energy
and high power densities.

Li-S cells can make use of the same manufacturing facilities as Li-ion cells,
thus, potentially lowering the development costs.

The Li-S battery is based upon intrinsically safer materials than Li-ion or
Ni—Cd batteries.

Although the Li-S battery has recently become popular, the potential applicability
of the Li-S battery as a power source had been mentioned more than two decades
ago. Its development though was impeded by the difficulty in the safe use of pure
Li as an anode on one hand and even more critically by the electrochemical use
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of S without encountering charge transfer problems. Furthermore, the formation
of Li dendrites on the Li-anode during recharge, and the loss of available S at the
cathode, resulted in a rapid fade of the capacity.

Early difficulties did not deter some researchers and work has proceeded in
small pockets. The work in the USA (Sion Power), Russia (notably in Ufa Academy
of Sciences), UK (Oxis Energy), and Korea (Samsung) is notable. Commercial
developments in the Li battery technology, firstly primary cells in the 1980s and
later in the rechargeable Li-ion cells in the 1990s, have on one hand led to a
decrease in work on the Li-S battery, but on the other have led to new possible
development avenues for realizing the potential of a Li-S battery. In particular,
considerable research in the arena of Li power sources has (i) directly helped in
increasing the knowledge for the safe use of Li, (ii) led to several promising
avenues for selecting suitable electrolytes some of which can be modified for
the Li-S cells; in fact, the lower the voltage of a Li-S cell the more forgiving it is
with respect to electrolyte stability, (iii) resulted in fabrication and processing
technologies that can be used to assemble Li-S cells, (iv) opened up electronics/
microprocessors for managing battery cycling.

The electrochemical reduction of S in a Li-S cell is a complicated multistep
process from Sy — Li,Sg — Li,S¢ — Li,S, — Li,S; — Li,S, — Li,S (Figure 3.19).
The most reduced state of sulfur Li,S cannot be accessed in the electrochemical
cycle due to insolubility in the liquid electrolytes. Li,S, is also insoluble, but it is
chemically leached into the electrolyte solution by reacting with higher polysulfides,
which in turn are all soluble. In fact, the choice of the electrolyte is normally made
to ensure that it can serve as a solvent for most of the products. This, however,
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Figure 3.19 Reduction of sulfur in a Li-S cell [4].
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leads to other serious problems. The plateau of 2.1V is due to two-phase equilibria
between a solid lithium sulfide phase and the dissolved lithium sulfide or possibly
between two solid phases. A solid Li sulfide phase can passivate the C particles
(added for conductivity) in the electrode, thus preventing charge transfer during
charging and subsequent discharge.

A decrease in sulfur capacity during cycling also arises due to the irreversible
dissolution of polysulfides in the electrolyte which is shuttled away toward the
anode and parasitic reactions take place directly with Li to form the more oxidized
form of the polysulfide, and also due to the formation of electrochemically inactive
Li,S. Parasitic reactions of soluble polysulfides among themselves also lead to
significant self-discharge. The shuttle mechanism (Figure 3.20), however, is ben-
eficial for offering overcharge protection during charging. There has been consid-
erable effort in recent years to develop a suitable Li-S energy storage system
capable of achieving effective cycling of a sulfur electrode. The challenge is to
achieve the required 1000-cycle life with a self-discharge that is less than 15% per
month.

In concluding this section, it should be noted that many companies and research-
ers rejected the idea of cobalt oxide as an electrode in the late 1980s before Asahi
Chemicals and Sony, both in Japan, pioneered the Li-ion revolution. It is, there-
fore, possible that pioneering groups in Li-battery research may devote their
research toward the Li-S cell, allowing hence, its commercialization. Given the
price advantage for the Li-S battery over the Li-ion battery (a potential factor of
0.5) it is also conceivable that a Li-S battery can replace Li-ion batteries in some
of their current applications.
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3.7

Conclusions

The purpose of this chapter was to provide an overview of the evolution of second-
ary batteries. As was seen, the most promising electrochemical cells that are cur-
rently used commercially are Li ion and Li polymer. Therefore, the subsequent
chapters of this book will describe the material candidates to be used as cathodes,
anodes, and electrolytes, in next generation Li batteries. The Li-S cells are not
included in the remainder of the book as they are still quite away from
commercialization.
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4
Current and Potential Applications of Secondary Li Batteries
Katerina E. Aifantis and Stephen A. Hackney

As described in the previous chapter, secondary Li batteries are the most rapidly
growing high energy storage devices in industry. The advantages of Li cells over
other rechargeable electrochemical cells are: they do not exhibit a memory effect,
they provide a higher energy density per unit mass and their self-discharge rate is
less than half compared to the next best available solutions such as NiCd and
NiMH cells. Furthermore, the lifetime of current commercial Li batteries is over
1000 cycles, while their shelf-life is more than 10 years [1]. On the negative side,
the lithium-ion battery materials are more fragile and require a protection circuit
to ensure safe operation; however, the recently developed Li-polymer cells are
easier to handle with safety [2]. The purpose of the present section is to give an
overview of the main, current and future, applications that secondary Li batteries
have in our society, so as to motivate the reader to focus on the chapters to follow
about improving Li battery technology. After the more general application infor-
mation is provided, detailed information will be given concerning how secondary
lithium batteries power electric vehicles.

4.1
Portable Electronic Devices

Presently, the main application of rechargeable Li batteries is in portable electronic
devices, such as cellular phones, digital cameras, global positioning system (GPS)
devices, and laptop computers. As the key feature of these devices is portability,
in addition to energy efficiency requirements, the size and weight of the Li cells
are a main concern, as in some cases the Li batteries consumed most of the weight
of the device.

Cell phones have evolved from ordinary phones, to digital cameras, MP3 players,
and wireless internet access devices. In order to accommodate all these features,
more advanced Li-ion cells than those used in conventional cell phones had to be
developed, as the energy demand is much higher in these new multifunction
mobile phones. Continuous research for improving Li batteries is therefore
mandatory and as essential as microelectronic advancement. To illustrate the
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Figure 41 (a) 680mAh (13.51Ah/l) Li-ion battery for the Motorola StarTac commercially
available since 2000. (b) 900 mAh (1136.36Ah/I) Li-ion battery used in the Motorola Razor V3
model; taken from [3].

significance of battery capacity in device performance the following example is
given: the 2000 model of the Motorola Startac used a 680mAh Li-ion cell which
allowed for a talk time of approximately 4h and a wait time of about 75h. A more
recent Motorola model, the Razor V3 employs a higher capacity Li-ion cell of
900mAh, which allows for about 7h of talk time and a standby time of 290h [3].
The 900mAh Li battery does not only allow for longer usage times of the phone
before recharging is necessary, but it is smaller in size and therefore allows for a
lighter and smaller cell phone. This significant size reduction of the aforemen-
tioned Li batteries is shown in Figure 4.1.

The other most popular application of Li batteries is in laptop computers.
Although Li-ion cells are the most widely used, Li-polymer cells are starting to be
preferred for some laptops and other electronic applications. Although they are
referred to as Li polymer, they are in fact Li-ion polymer as the electrolyte does not
comprise of a pure solid polymer but Li salts and/or gels are added to the polymer
to increase conductivity. Pure polymer electrolytes offer a very low conductivity and
cannot be used in any application in their present form; current research in
polymer electrolytes will be described in detail in Chapter 7. The drawback of com-
mercially available Li-polymer cells is that they are more expensive and require
more time to manufacture. The advantages though are that they can be shaped with
greater ease so as to occupy more efficiently the available space in the device, they
are resistant to damage and there is less danger for flammability [2]. These Li-
polymer cells have found their initial applications in the computer industry. Apple
was able to develop a very thin laptop, the Mac Book Air (1.94cm thick), by using
an integrated 37 Wh Li polymer battery that allows for a maximum battery perform-
ance setting of approximately 4h [4]. However, the space saved in thickness is
gained in length and width as this laptop is 32.5cm long and 22.7 cm wide.

4.2
Hybrid and Electric Vehicles

Although commercial secondary Li batteries cover the needs of the portable elec-
tronic industry satisfactorily, the future of electric vehicles depends on the further
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development of Li battery technology. In Chapter 3, examples of hybrid and electric
vehicles were given and the superiority of Li-powered vehicles was shown. Here,
more details will be given concerning this industrial endeavor.

Hybrid electric vehicles (HEVs) are defined as vehicles that use two distinct
power sources to operate the vehicle; namely a combustion engine system together
with an electric propulsion system. Depending on the primary power source
during operation, HEVs can be categorized as parallel HEVs, electric-assisted or
mild HEVs and plug-in-HEVs (PEVs).

Parallel HEVs use the electric motor during low demand traveling (low speed,
low acceleration) and the internal combustion engine is activated when there is a
higher energy demand to move the car.

Electric-assisted or mild HEVs use the electric motor only during heavy opera-
tion demands, for example when a high acceleration is needed.

When referring to HEVs the main category that comes to mind is the PEV, due
to the fact that they can be recharged from a regular electric plug or charged on
the go from the engine. These vehicles depend mainly on the electric motor that
is powered from the Li battery energy storage and use the gasoline engine in case
of emergency to maintain operation during discharge of the lithium battery.

HEVs, therefore, provide the same performance as conventional vehicles, but
through a significantly reduced dependence on fuel. Their environmental friendli-
ness is not only attributed to the consumption of less fuel, but also to the lower
carbon emissions that are achieved through the need for smaller internal combus-
tion engines and the use of energy saving technologies such as regenerative
braking, by which energy is captured during the braking of a HEV in order to
recharge the battery. Moreover, there is a significant noise reduction in HEVs in
comparison to the internal combustion vehicles.

Electric vehicles are the more evolved version of HEVs as they operate solely on
an electric propulsion system and do not require any form of fuel. Although com-
mercially available Li-ion cells are not the most appropriate for EVs, a commercial
EV, the Tesla Roadster, was manufactured by enabling elaborate power-control
and monitoring electronics for the battery cells. The battery is a custom micro-
processor-controlled lithium-ion battery comprising of 6831 individual cells and
weighs 9921bs. A full charge takes about 3.5h using the Tesla Motor High Power
Connector, which is plugged in a normal household plug [5]. The Tesla Roadster
can accelerate from 0 to 60mph in less than 4s and has an electronically limited
top speed of 125mph. The range of the vehicle under a full charge is about 220
miles (based on EPA combined city/highway cycle). The battery life is 5 years or
100000 miles.

In order to develop superior EVs, industry has turned towards using other
materials chemistries for the Li battery electrodes. LiCoO, electrodes used in com-
mercial Li-ion cells wear out after a couple of years, and they become unstable if
overheated or overcharged. So, despite these cells being energy-storage efficient,
their tendency to exhibit thermal runaway has led the industry to employ alterna-
tive cathodes for EV applications. In particular, Co-based cathodes experience an
oxidation, upon charging, of Co*" to unstable Co*. Phosphate-based cathodes,



84

4 Current and Potential Applications of Secondary Li Batteries

however, undergo oxidation of Fe** to the stable Fe** resulting in a safer, fault
tolerant chemistry [1]. Therefore, LiFePO, cathodes are predicted as very promis-
ing cathodes to use in EVs, as they not only provide the required capacity and have
a lifetime of thousands of cycles, but they also improve the safety during charging.
This is important for EVs where safety issues and power capacity are more
important than energy capacity. In this connection it should be noted that Li-ion
batteries operate best and safest within a charge state window; hence engineers
can exploit this fact by charging to a percentage of the maximum capacity. It
follows, therefore, that the technology for monitoring the charge status of the Li
cells is crucial for the safety and the operation of the EV. However, it is still in the
developing stages as it is more difficult than that required to monitor the gas in
the tank.

Despite the fact that EVs are zero emission vehicles (the only emission is
thermal energy), concerns have risen about the use of electricity for charging the
Li batteries that power them. In the USA, 49.7% of the nation’s electricity is gener-
ated by the burning of coal. According to the Energy Information Administration,
for every gallon of gas used by an internal combustion engine, 19.5641bs of CO,
are produced. A recent analysis by the Automotive Testing and Development
Services found that for every 100 miles of travel, a Tesla Roadster [5], which is an
electric high performance vehicle, needs to be recharged with 31 kWh of electricity.
Generating a kilowatt hour of electricity produces an average of 1.551bs of CO,.
These results will vary according to the use of coal as a main source for electricity
per state. In high coal-dependent states the carbon emissions for the Tesla Road-
ster recharge may be as high as the carbon emissions from an internal combustion
engine car. In the technical analysis of the Pacific Northwest National Laboratory
[6], it is pointed out that there is plenty of surplus electricity that goes unused at
night and this might change with the commercialization of the electric cars
without significantly affecting the carbon emissions. Nevertheless, a significant
difference in CO, emissions between traditional vehicles and EVs exists in states
where renewable energy sources are the main electricity source as opposed to coal.
In order, therefore, to fully take advantage of the preferred environmental features
of EVs, renewable energy source technologies such as solar cells and wind mills
must be advanced and reinforced. For example, optional solar cells may be installed
on the rooftop of the vehicle to provide additional recharging for the batteries
during sunlight.

In concluding, it should be noted that a recent study by the Electric Power
Research Institute and the Natural Resources Defense Council suggests that elec-
tric vehicles could eliminate billions of tons of greenhouse-gas emissions between
2010 and 2050. A study by General Electric indicates that if half the vehicles on
the road in 2030 are electric powered, petroleum consumption in the United States
will shrink by six million barrels a day.

Detailed information about engineering secondary Li batteries for EV applica-
tions will be given in Section 4.4.
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Medical Applications

431
Heart Pacemakers

Another area that promises significant applications for next generation recharge-
able Li batteries is that of biomedical implantable devices such as pacemakers.
Pacemakers comprise of a battery power source which creates electric impulses
(periodic electric stimulations) that are carried to appropriate parts of the body
through electrodes.

The initial application of pacemakers was to regulate the beating of the heart
(treat cardiac arrhythmia disorders) by delivering the electrical impulses to the
heart muscles. The first fully implanted pacemaker procedure took place in 1957
at the Karolinska University Hospital in Sweden by Ake Senning and the pace-
maker was powered by a secondary Ni-Cd battery, designed by Rune Elmqvist.
The Ni—Cd cell, however, was replaced by primary batteries, since the recharging
process was not very efficient, as it was performed externally through an appropri-
ate vest that provided electromagnetic waves [7]. The primary cells used, thereafter,
were toxic, such as the ceramic plutonium oxide battery and the mercury battery.

The real breakthrough in implantable cardiac pacemakers took place in 1972
when the primary Li-I battery was invented by Wilson Greatbatch and his team.
This type of battery has a life span of over 10 years and even today is the power
source for many cardiac pacemakers. In addition to its long life time the Li-I cell
has a very low self-discharge rate, which results in a long shelf-life until the pace-
maker is implanted; it also has a stable voltage and it consumes its energy in a
gradual and predictable manner. This is important for the follow-ups of patients,
where the status of the battery has to be checked and the replacement needs to be
programmed. Moreover, the battery produces no toxic waste or gas and is easily
encased in a noncorrosive material. An additional significant benefit is that the
size of these devices was reduced because of the higher capacity of the lithium
batteries used. Lithium carbon monofluoride (CF,) cells have recently been
reported to offer higher energy density and pulses at currents above 20mA [8],
which is slightly better than today’s competing batteries. Moreover, the whole
battery system is encased with a titanium casing, allowing a 50% reduction in
weight over the same size Li-I battery, without any compromise in the safety [8].

Modern heart pacemakers consist of a primary Li battery power source, elec-
trodes which are attached on the myocardium of the heart, a sensing amplifier
which processes the electrical manifestation of naturally occurring heart beats as
sensed by the electrodes, and the computer logic that delivers the pacing impulse
to the electrodes. Most commonly, the pacemaker (with the exception of the elec-
trodes that are placed on the myocardium) is placed below the subcutaneous fat
of the chest wall, above the muscles and bones.

Heart pacemakers have evolved to being able to treat additional heart problems,
such as those consisting of multiple electrodes that can stimulate different
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positions within the heart to improve synchronization of the lower chambers of
the heart. Furthermore, modern pacemakers can be programmed externally, once
they are implanted, allowing the cardiologist to adjust the pace according to the
individual patient needs. Some pacemakers are dual functional as they can also
act as a defibrillator.

432
Neurological Pacemakers

During the past decade pacemakers have found significant applications in neurol-
ogy as well. Neurological disorders result from chemical imbalances that cause
parts of the brain to send out the wrong electric signals. By implanting a pace-
maker in the upper chest, electrodes can carry out the proper electric impulses to
the dysfunctional parts of the brain and interfere with disordered neural activity,
treating therefore various incurable otherwise disorders, such as severe depres-
sion, tremor, Parkinson’s disease symptoms, and chronic pain.

This treatment is called deep brain stimulation (DBS). The components of DBS
are: the implanted pulse generator (IPG), the lead, and the extension. The IPG
consists of the primary Li battery, which is encased in titanium, and generates the
electric pulses; it is implanted below the clavicle or in some cases at the abdomen
[9]- The lead is a coiled wire insulated in polyurethane and has four Pt-Ir electrodes
for carrying impulses to the damaged region; they are placed, therefore, directly
in the brain by drilling a hole in the skull. The extension is an insulated wire that
connects the lead to the IPG; it therefore runs from the head, down the side of
the neck, behind the ear to the IPG. The advantages of DBS are that the electric
pulses can be calibrated externally depending on the patient’s needs and if side-
effects appear during operation they completely disappear by turning off the
battery. The underlying mechanisms by which DBS functions are not understood;
however, it is documented that it can change brain activity in a controlled manner
and once the battery is switched off the symptoms resume [10]. Furthermore, there
can occur complications such as brain bleeding during the lead implantation,
however, this is not common.

The USA Food and Drug Administration (FDA) allowed the use of DBS for the
first time in 1997 [11] for the treatment of tremor, and has proven to be very effi-
cient; only 40% of tremor patients can see improvements through conventional
medicine. Another area in which DBS has potential is depression. It has been
observed that 10% of depression patients see no improvement by using antidepres-
sant medicines, psychotherapy, not even electroshock therapy. An experimental
study in 2005 showed that four out of six such patients saw great improvement
with DBS [12]. DBS is also used in treating chronic pain, in which cases the pace-
maker can be placed on the spine. FDA approval for Parkinson’s disease treatment
was given in 2002 [11]. Other areas in which it is believed that DBS could help is
epilepsy [13] and Tourette syndrome [14].

The most miraculous perhaps application of DBS was reported in 2007 [15]. A
38-year-old male had been in a vegetative state, after his skull was severely damaged
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during a robbery and he was left for dead. After extensive brain surgery he survived
but the doctors gave zero chances of recovery. After 6 years of being in a vegetative
state, neurosurgeon Dr. Ali Rezai and his team at the Cleveland Clinic Foundation
were able to activate parts of the patient’s brain through DBS, by sending appropri-
ate electrical impulses. As a result the patient was able to regain his consciousness,
recognize and talk with his family, and perform basic functions by himself such
as eating.

Although all medical implantable devices make use of primary Li batteries,
instead of secondary Li cells, the aforementioned medical applications were sum-
marized as they illustrate the unique possibilities that Li-powered devices offer in
treating incurable, otherwise, diseases. Nonetheless, the current primary Li battery
technology is considered to be deficient for DBS applications because of short
battery life. This deficiency could be alleviated if the primary battery was replaced
with secondary batteries. Unfortunately, current commercial secondary Li batter-
ies cannot be used in medical implantable devices due to safety issues. Therefore,
it is of great significance that new material chemistries for rechargeable Li batteries
are developed, not only for economic and environmental reasons, but also for
improving directly the quality of human life, as it will allow for great improve-
ments in pacemaker applications in medicine and the replacement operations will
be diminished.

4.4
Application of Secondary Li lon Battery Systems in Vehicle Technology

Now that a summary of the various applications in which Li batteries are and can
be employed in the future has been given, a more detailed description of how they
are used to operate electric vehicles will be given.

The use of a battery in any electrical machine application is limited by the non-
ideal behavior of the battery voltage. As reviewed in several chapters here, the open
circuit voltage (OCV) is a function of the state of charge with the OCV decreasing
as the state of charge decreases. Since the power is the product of current with
voltage, a continuous increase in current from the battery would be required as
the state of charge decreases. It is, therefore, unfortunate that by increasing the
battery current a further decrease in the battery voltage is obtained due to the
charge transfer and concentration overpotentials. As a result, the power capability
of the battery is degraded to the point where the power requirements of the electri-
cal device may not be met even at a high state of charge. This means that single
electrochemical cells must be combined with one another in specific ways to meet
application power requirements. As an example, consider that a Li-ion cell operates
at a voltage of ~3.5V. Operation of a small Li-ion cell limited to 1A of current gives
a power output of 3.5W. The power goals for battery applications in a hybrid
vehicle are between 20000 and 35000W [16]. The application of a battery cell to
power a hybrid vehicle means that the current and voltage must be scaled up
significantly from that found in handheld applications. The power output of an
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individual electrochemical cell is limited by the diffusive flux of ions through the
separator and the electrode material and the thermodynamic driving force associ-
ated with this diffusion process. If we look at Eqs. (1.12)-(1.29) it is apparent that
the exchange current density and the transport current density are limiting terms
for the current. However, as described in Chapter 1 these transport resistances are
area-specific terms, which means that simply increasing the electrolyte-electrode
interface area will increase the current capability of the cell. It is possible to
increase the electrode area by controlling the electrode geometry of the separator—
electrode interface, but manufacturing constraints and vehicle geometry con-
straints maylimitthe cell separator—electrodeinterfacearea. The electrode—electrolyte
interface area can also be increased by varying the porosity of the electrodes. Elec-
trode porosity control is achieved through varying the particle size of the active
electrode material, the amount of binding compound holding together the active
particles and the manufacturing parameters for forming the electrode. Another
approach for influencing the internal resistance of an individual cell in order to
improve power capability is to increase the effective cross section of the battery by
linking individual cells in parallel. This parallel linkage is illustrated in Figure 1.2a
for two individual cells. In terms of cell chemistry for the case where the battery
properties (state of charge (SOC), OCV and internal resistance) among all the cells
are equivalent, the ion transport in each cell occurs independently of the other
cells, but the current flow is added together at the junction of the three leads. In
electrical terms, this means that the battery terminal voltage is the same as the
voltage at each individual cell and the current at the battery terminal is the sum
of the individual cells.

It may not, however, be possible to meet the needs of high power applications
using only parallel cell linkage. Although the parallel linkage will increase the
battery current available to the device with a greater percentage of utilization of
the OCV, meeting power demands with very high currents at a relatively low
voltage can be problematic. The power loss due to the resistance is proportional
to the square of the current. This means that high current solutions will likely
result in large inefficiencies due to power dissipation at the electrical machine.
This problem is discussed below with specific application to an electric motor.
Because of the power dissipation problem associated with a high current, it may
be necessary to engineer battery cell clusters, or modules, to deliver a high voltage,
as well as, a high current to meet the power requirements of a hybrid vehicle
application.

According to Table 4.1, the US Department of Energy (DOE) voltage goals are
between ~400V and 200V. The effective voltage of the cell chemistry is increased
by linking cells in series, with the positive electrode of each cell electrically linked
to the negative electrode of the adjacent cell. The voltage of this “string” of cells
is measured across the electrodes at the two ends of the string, as shown in Figure
1.2b. In this case, the chemical reaction in each individual cell is linked to the
chemical reaction in all the other cells by the electron transfer from a particular
negative electrode to the positive electrode in the adjacent cell. It is only the ter-
minal cells at the end of the string that pass an electron to the external device,
although the driving force for this transfer is the sum of the free energies for the
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Table 4.1 FreedomCAR energy storage system performance goals for power-assist hybrid
electric vehicles (November 2002); taken from Ref [16].

Characteristics Units  Power-assist Power-assist
(minimum) (maximum)
Pulse discharge power (10s) kw 25 40
Peak regenerative pulse power (10s) kw 20 35
(55-Wh pulse) (97-Wh pulse)
Total available energy (over DOD kWh 0.3 (at C,/1 rate) 0.5 (at C,/1 rate)
range where power goals are met)
Minimum round-trip energy efficiency % 90 (25-Wh cycle) 90 (50-Wh cycle)
Cold cranking power at =30°C (three kw 5 7
2-s pulses, 10-s rests between)
Cycle Life, for specified SOC Cycles 300000 300000
increments 25-Wh cycles 50-Wh cycles
(7.5 MWh) (15 MWh)
Calendar Life Years 15 15
Maximum weight kg 40 60
Maximum volume 1 32 45
Operating voltage limits Vdc max < 400 max < 400
min > (0.55 X V) min 2 (0.55 X Vi)
Maximum allowable self-discharge Wh/ 50 50
rate day

reactions in all of the cells in the “string.” This means that the voltages of all the
cells in the string add, providing a technique to engineer the voltage of a battery
consisting of many individual cells.

The use of individual cells connected in parallel and series to create battery
modules allows the tailoring of the cell chemistry for high power applications. The
consideration of the performance of these types of modules for a given application
can be carried out by utilizing an equivalent circuit approach. Equivalent circuits
applied to simulation of battery performance often consist of an ideal (constant)
voltage source linked in parallel with electrical components such as resistors and
capacitors. The resistors and capacitors linked with the constant voltage source
simulate the variation in the battery voltage with the SOC, the current, the time
integrated current, and the time derivative of the current. This type of equivalent
circuit battery model satisfies all of the standard rules for electrical circuits such
as Ohm’s law, Kirchoff's law, etc. Because the battery can be represented as a
circuit, it is in a convenient form to link with other circuit models used in the
design of electric vehicles, such as the electrical motor and electrical control system
circuit models. The equivalent circuit models then allow for the introduction of
battery performance within the application design process. A simple, but effective



90 | 4 Current and Potential Applications of Secondary Li Batteries

VBatt

In(t) T§ Ao - &

O
Figure 4.2 FreedomCAR equivalent circuit with internal impedance associated with
model for nonideal power source behavior. diffusion, charge transfer and OCV decrease
The electrical components shown simulate associated with SOC. Adapted from [16].

the current-voltage relationship in a battery

Thevenin equivalent circuit utilized for batteries is presented in the FreedomCAR
test manual (DOE) and consists of the circuit elements shown in Figure 4.2. The
perfect voltage source having the maximum value (OCV,,,,) for the OCV ata SOC
of 1 is in series with an initially uncharged capacitor (of capacitance C), which
simulates the fall in the OCV with decreasing SOC. Also, the perfect voltage source
is in series with a time independent resistor (R,) simulating the charge transfer
overpotential, and in series with a parallel RC (Rp and Cp) component simulating
the concentration overpotential (Warberg impedance). The controlling equations
for the battery terminal voltage (Vg..) response to a time-dependent current I(t)
prescribed by a function f{t) are then

Ity = f(t) (4.1)
with the time-dependent OCV(t) determined by the integrated current as

OCV (t)= —é jo‘f(r)dr +OCV,., (4.2)

Unfortunately, the OCV is not the observed battery voltage under practical applica-
tion. The internal resistances to charge flow within the battery, R, and R, dis-
cussed above, cause an energy dissipation resulting in a deviation from the OCV.
The magnitude of the deviation of the battery terminal voltage from the OCV is
obtained by subtracting the time-dependent current through the charge transfer
equivalent resistor and the product of the time-dependent diffusion impedance
resistor giving

Vi () = OCV(#) = [I(t)Rs ] - Ip (H) Rp (4.3)
The I(t) is already specified by Eq. (4.1), but I5(t) must be determined from

ar, _I(H)—1Ip

(4.4)
dat RpCp
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A solution for Ip(t) from Eq. (4.4) is

) e
Ip(t)= R0 [ o RoCo g (4.5)
*RpCp

where Ip(t) is the current passing through the resistor in the RC component.
Figure 4.3a examines the battery voltage, Vp.., response from Eq. (4.3) to a pre-
scribed sinusoidal, alternating charge—discharge battery current for the case where
the integrated current is always small relative to the maximum battery capacity.
The expected voltage deviation from the OCV is observed, along with the expected
phase difference between the voltage response and the current. The voltage devia-
tion from the OCV is due to the charge transfer and concentration overpotentials,
while the phase difference is due to the time dependence in the development of
the concentration overpotential; this concentration overpotential is also often
referred to as the polarization (therefore I(t) is also called the polarization current).
This same phase difference between current and voltage can be observed between
I(t) and Ip(t) in Figure 4.3b. As the I,(t) is shunted through the R, component in
the equivalent circuit, it leads to an additional voltage drop from the constant
voltage source, which is the concentration overpotential. As a further demonstra-
tion of predicted behavior from this type of model, the degradation of power
capability due to multiple current pulses is examined in Figure 4.3c. As shown in
Figure 4.3c, there is a sudden drop in battery voltage from the OCV at the initiation
of the current pulse followed by a slow degradation in battery voltage during the
current pulse. The sudden drop in the voltage is associated with the charge transfer
overpotential, while the slow degradation in the voltage is due to the time depend-
ence in the development of the concentration overpotential. The multiple pulses
occur close enough together so that the concentration overpotential cannot recover
to zero before the next pulse. This may be seen in the behavior of the polarization
current in Figure 4.3d. Note that at the end of the pulse, the battery voltage does
not recover to the OCV before the next pulse. This results in a drop in power at a
given current along the train of pulses. The type of behavior illustrated in Figure
4.3c has implications for applications where short, high power pulses occurring in
a train are required. Examples of such current pulses for a hybrid electric vehicle
city drive cycle are shown in Figure 4.3e. Thus, hybrid vehicle applications require
that the battery recovers rapidly from the short, but intense, current pulses associ-
ated with high power charge—discharge cycles. Otherwise, the effectiveness of the
electrical power source will degrade over the drive cycle even if the SOC remains
high. Improvement of the pulse power capability can be achieved by developing
battery modules, where cells are linked in parallel or series and the battery model
developed in Egs. (4.1)—(4.5) can be used to examine this effect.

441
Parallel Connection

Consider the application of the FreedomCAR battery model to three cells linked
in parallel in a battery module. In this case, the current from the three cells is
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Figure 4.3 (a) Current—voltage response
from the FreedomCAR equivalent circuit
model letting Ro = 1.5 | R, = 0.5 | C, = 100F,
C=1500F, I(t) = sin(t/150) A. The current,
battery voltage, and open circuit voltage are
normalized with respect to the maximum
current and maximum OCV to give unitless
quantities. Note the deviation of the
measured battery voltage from the OCV
value at a given current. Also note the phase
lag between the peak of the current function
and the trough of the voltage response. Both
of these phenomena are primarily due to
transport of charge in within the battery. (b)
Demonstration of the polarization current,
Ip(t), as compared to the battery current, I(t),
from the Thevenin equivalent circuit
presented in Figure 4.2. The phase difference
observed here is responsible for the phase
shift observed in (a). (c) A train of current

pulses with voltage response simulated by
the FreedomCAR battery model. The pulse
train is shown to result in temporary battery
voltage degradation even with minimal
change in the OCV or SOC. This will degrade
the power capability as the pulse train
extends and this power degradation must be
minimized for effective battery applications.
(d) Demonstration of the time-dependent
growth and decay of the polarization current,
Ip(t), within a battery current pulse train. The
polarization current is proportional to the
concentration overpotential. (e) Hybrid
vehicle battery voltage as a function of time
during a drive cycle. The large positive and
negative deviations from the average voltage
(approximately the OCV) is due to current
pulses associated with rapid change from
discharge to charge as driving conditions
vary; taken from [16].

-t
-

added but the voltage must be the same across all the three cells. If all the cells
have an equivalent OCV and internal impedance, then the current need only be
one-third that of the single cell battery examined in Figures 4.3a—d to achieve the
same current pulse from the module. The effect of reducing the current on each
individual cell of the pulse power response for the parallel connection of three
batteries is shown in Figure 4.4. It can be seen that the reduced cell current leads
to a smaller deviation for the three cell battery module as compared to the single
cell battery; thus leading to a decrease in power degradation along the pulse train.
Even though the voltage on the three cell module is the same as the voltage on
each individual cell that is connected in parallel, the decrease in voltage loss due
to the internal impedance leads to a higher power output as compared to a single
cell battery.

4.4.2
Series Connections

As we have seen, high power applications utilizing batteries may require develop-
ment of battery modules utilizing multiple electrochemical cells to meet power
demands. Improvements in power capability achieved by connecting battery cells
in series are similar to improvements obtained by a parallel battery connection.
However, in the case of a series connection of batteries, the electrode reaction in
each battery is coupled to the other batteries through the transfer of electrons.
Consider, for example, the half-cell reactions for a Li-ion negative electrode during
discharge:

LiCs — Li* +e™ +C, Cell (2) (4.6)
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Figure 4.4 Equivalent circuit model of the pulse power capability of a single battery cell, Vg,
compared to a parallel, three cell, battery module Vg parael for the same magnitude of current
pulse.
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Figure 4.5 Schematic of coupled electron transfer of a battery module with three cells linked
in series.

If this half-cell reaction occurs in the center cell (cell 2) in Figure 4.5, then the
electron produced by the Li ionization is transferred to the positive electrode in
cell 1 as these two electrodes are coupled by the attachment of the cell 2 negative
electrode to the cell 1 positive electrode current collectors. This means that the cell
1 positive electrode reaction is coupled to the electron transfer from cell 2

Co0, + Li* + e (from cell 2) — LiCoO, Cell (1) (4.7)

The electron from the ionization process at the cell 1 negative electrode is then
transferred to the positive electrode of cell 3 through the external application. And
of course to complete the loop, the electron produced by the negative electrode
ionization in cell 3 is transferred to the positive electrode in cell 2. The sequential
electron transfer among the half-cell chemical reactions at each electrode means
that the voltages for all the half-cells are added. The result is that the OCV of the
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three cell battery module is three times the OCV of an individual cell, assuming
all the cells have equivalent properties. This situation of three cells linked in series
may be modeled using the FreedomCAR equivalent circuit model, where the ideal
voltage source has a magnitude increase of a factor of 3 over that of a single cell.
However, since the cells are in series, then the resistive components of the equiva-
lent circuits for each of the cells are also in series. Since these equivalent circuits
obey all the rules of an electrical circuit, then these resistive components are also
added. This means that the R, and the R;, are increased by a factor of 3 for the
three cell series battery module for calculating the battery voltage in Eq. (4.3). On
the other hand, only one-third of the current is required to achieve the same initial
power as for a single cell battery at the initiation of the first current pulse. There-
fore, unlike a single cell battery, a series connection of cells in a battery module
has two competing influences; namely, the increase in resistance which reduces
the power capability, and the increase in OCV which increases the power capabil-
ity. The response of the equivalent circuit model for the battery module at
one-third the current of a single cell battery (to get equivalent initial theoretical
power) for the pulse train is compared to the single cell battery in Figure 4.6. It is
again observed that the three cell module demonstrates an improvement in pulse
power degradation as compared to the single cell battery at equivalent initial theo-
retical power.

1.2 I
VBallSerle.\' (t)
TVW OCV(?)
OCVH‘I&X
1 ®9000000000000000000000000 0 ¢
0.8
VBatt (t)
OC\/max
0.6~ I
| |
0 50 100
time (s)

Figure 4.6 Equivalent circuit model of the battery voltage response to a train of current
pulses. The deviation from the OCV results from the internal battery resistance to the
transport of charged species.
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It is interesting to see that the pulse power degradation for the series module
(Figure 4.6) is the same as the parallel module at the same initial power output
(Figure 4.4). Thus, for the same battery power, the battery module in series and
the battery module in parallel reduce the pulse power degradation problem to the
same extent. However, the series battery module current for this example is one-
third that of the parallel battery module. As has been noted previously, a lower
current higher voltage battery power solution is preferred to a higher current lower
voltage solution even if the power for the two cases is equivalent. This concept can
be illustrated through an electric motor application, as might be found in a hybrid
electric vehicle. An electric motor has an electrical resistance associated with the
wire windings responsible for the electromagnetic field driving shaft rotation. The
current flowing through the windings within the electric motor has a power dis-
sipation of

Power Loss = I(t) Ryindings (4.8)

This means that the power output for the motor is related to the battery voltage,
Via, and battery current, I(t), as

Motor Power = I(t) Vi = I(£)” Ryindings (4.9)

It is apparent from Eq. (4.9) that the current provided by the battery to the electric
motor contributes to the motor power through both the product with the voltage
and the product with the motor resistance. The motor power for the single cell
battery, the three battery parallel module, and the three battery series module is
compared in Figure 4.7 for the same theoretical power. The practical power
response shown in Figure 4.7 not only indicates the power degradation due to the

1 — —

MotorPowerSingle(t)

MotorPowerParallel(t)

MotorPowerSeries(t)

L
0
0 50 100
time (s)

Figure 4.7 Power output of the electric the battery internal charge transfer and the
motor for the same theoretical power output  internal resistance of the motor, leading to
of the battery. The theoretical power at the the observed difference in behavior among
battery is the product of the current and the the three configurations plotted above for the

OCV, but power dissipation occurs at both equivalent circuit model.
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internal battery resistance described in Figures 4.4 and 4.6, but also shows the
power loss from the internal motor resistance. To reiterate, this result demon-
strates the advantage of a series battery configuration as compared to a parallel
battery configuration as a solution to a particular high power application. The
series solution provides a specific power at a lower current than the parallel solu-
tion, and thus the power loss during the application is lower.

4.43
Limitations and Safety Issues

There are of course limitations to series connection solutions for high power
applications. For example, the DOE has placed a maximum of 400V as a goal for
hybrid electric vehicle applications. The reasoning behind the upper voltage limit
is related to safety. Even though the series configuration is capable of providing a
high power at a low current due to the high voltage, these high voltages are also
capable of driving the current through very high resistances with the production
of a large amount of heat. An additional limit to the series configuration is the
probability that all the cells are not equivalent, and the possibility that a cell is
“bad.” Definitions of a bad cell would be that the resistance in that the cell is rela-
tively large or that the capacity in that cell is relatively small. Using the three cell
series module example for the case where an electrode contamination (reaction)
layer impedes diffusion of Li-ions and charge transfer in one bad cell, the battery
voltage for the module would have the form

VBatl Series (t) = 3ocv(t) - [I(t)(ZRct + Rct Bad Cell )] - ID Series (t)(ZRD + RD Bad Cell )

where the OCV(t) and Cp terms are equivalent in each cell. Clearly, the overpoten-
tial at a given current has increased for the module due to the presence of a single
bad cell with increased resistance.

The performance of a battery module with cells in series may also be severely
impacted by a bad cell, where the OCV(t) function of one cell decreases relatively
rapidly with decreasing SOC as compared to the other cells in the series. The criti-
cal issue here is that when one cell in the series has a SOC of zero, then the
electron coupling process across the cells described by Egs. (4.6) and (4.7) is inter-
rupted. That is, there is no raw material available for the half-cell electrode proc-
esses that were designed for the cell chemistry when the SOC is zero. The
remaining cells in the series will still pump electrons (on discharge) into the posi-
tive electrode and pull electrons from the negative electrode, but the chemical or
electrical response inside the “bad” cell will be problematic. One possible response
to the electron transfer driven across a “bad” cell can be that the electrochemical
breakdown of the electrolyte and other cell materials will occur within the bad cell.
A second, or simultaneous, undesirable response that occurs in the bad cell due
to the electron transfer driven across the cell is that the bad cell will behave as a
capacitor of very low capacitance. That is, the lack of available electrochemically
active material leads to a buildup of charge across the separator in the bad cell.
This polarization would lead to a rapid drop in the overall battery module voltage
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due to a single bad cell. The destruction of cell materials in a bad cell that could
occur if “unplanned” electrode processes are driven by the coupled charge transfer
between batteries in series would have deleterious consequences. The electrolyte
or electrode material breakdown may result in a gaseous by-product, causing an
increased pressure within the cell. Furthermore, charging of such a damaged cell
may prove to be impossible. To avoid the effects of a bad cell in a series configura-
tion for high power applications, the series is coupled to a control system that
monitors the SOC of each battery cell within the series. The control system should
be capable of operational warnings and may be capable of shunting current around
a bad cell, insuring safe and effective operation.

Li-ion battery safety for HEVs and other applications does remain a concern.
The extensive recalls of laptop batteries in 2006 have indeed sharpened the con-
sumer concerns related to Li-ion battery utilization. The major focus of Li-ion
battery safety is associated with the energy density and the cell materials. The
energy density of a Li-ion battery is approximately six times that of a lead acid
battery and the sudden release of this energy due to a short circuit would generate
significant heat [17]. The organic electrolyte used in the cell chemistry of current
generation Li-ion batteries is flammable, and the heat pulse from a short circuit
may result in ignition, particularly if the cell has been ruptured [18], as seen in
Figure 4.8. In particular, the safety issues have been categorized into four areas
[17]: overcharging, overheating, electrical short, and physical abuse.

1) The overcharging issue is related to the chemical instability of the fully
delithiated (oxidized) positive electrode. The oxidized positive electrode will
generally existin a highly unstable crystal structure and the rapid transformation
of this unstable structure to the equilibrium structure may produce enough
heat to volatilize and ignite the cell components. Mitigation of this danger is
carried out by smart charging systems, which monitor the voltage in each cell
or parallel modules to insure that enough Li is left in the positive electrodes so
that the crystal structure is partially stabilized. It is also considered that
phosphate-based positive electrodes that have been delithiated by overcharging
are more stable than the delithiated LiCoO,. In particular, during charging,

- e \r

Figure 4.8 One safety concern is the ignition of gases released from overcharged batteries
that can produce flame clouds [18].
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(a) LiCoO, (b) LiFePO,

—» Li" deintercalation
upon charging
Li" deintercalation
upon charging

Fe**— Fe**
(stable)

3+ 4+
Co Co

(unstable)

Figure 4.9 The cobalt-based and iron-based lattice of the cathode upon lithium deintercala-
tion, during charging; taken from [19].
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Figure 410 Comparing the safety of a conventional Li-ion cell with a phosphate cell; taken
from [19].

cobalt-containing cathodes experience an oxidation from Co*" to the unstable
Co*, while phosphate-based cathodes undergo an oxidation from Fe* to the
stable Fe** resulting in a safer, fault tolerant chemistry [1]; Figure 4.9. The
stability of the cathode leads to less thermal runaway problems as demonstrated
in Figure 4.10. The active materials are intrinsically stable and can be reduced
to nanoscale sizes. This enhances the conductivity of the material due to the
elevated total surface, adding to increased power without safety compromises
[19]. Of course, as a consequence the operating voltage for a phosphate electrode
is lower than that of an oxide electrode.
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2)

Overheating of a battery may occur if the heat produced due to the battery and
device internal resistance is not efficiently dissipated. If the cell temperature
increases over 130°C, then the electrolyte reacts exothermically with Li in the
negative electrode. This heat release is again a danger because of the
volatilization of the flammable organic electrolyte. Mitigation of this danger
during operation requires an effective cooling system and the possibility of a
temperature-based battery control system that is capable of shutting down the
battery system.

Asnoted above, short circuits are capable of causing rapid temperature increases
in the battery and a possible thermal event. The use of circuit breakers to protect
the battery system from an external short circuit is an effective means of
mitigation. However, internal short circuits where a conductive material has
breached the separator between the positive and negative electrode are quite
problematic.

This is particularly true when mechanical abuse has caused both cell rupture
and a short circuit. In this case, rapid heating, volatilization, and oxygen are all
present and capable of producing a flame cloud. In a hybrid vehicle application,
the battery system must have at least the same crash protection as that given
to the vehicle gas tank. It is tempting to draw the analogy between the fire
danger from gasoline and the fire danger from a high energy density battery.
However, in the case of gasoline, the storage area is separated from the point
of heat production. In the case of the high energy density battery, heat production
occurs at the point where the “fuel” is stored, that is at the electrodes. Although
safety concerns will continue into the future for high energy density battery
applications, research progress in the development of Li-ion battery controls,
electrodes, electrolytes, and separators [17] may lead to safety levels in hybrid
vehicles comparable to gasoline.

The following chapters summarize the most promising candidate components

(anodes, cathodes, electrolytes) for the next generation secondary Li batteries.
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5
Li-lon Cathodes: Materials Engineering Through Chemistry
Stephen A. Hackney

5.1
Energy Density and Thermodynamics

The positive electrode in the commercial Li-ion battery is based on a transition
metal (M) oxide or a phosphate that has the composition LiMO, or LIMPO, in the
discharged state. This chemistry is the basis for many of the high-voltage batteries
developed in the last 20 years. The oxide and phosphate crystal structures act as a
host for Li atoms in that the Li ions may be added and then removed in these
crystal structures many times without causing significant or permanent changes
in lattice symmetry. As discussed in Chapter 1, the capacity of a battery refers to
the total amount of charge that the battery can deliver. There is a “theoretical
capacity” corresponding to a thermodynamically reversible discharge (a nonmeas-
urable discharge rate), and actual battery capacities that depend on discharge rate.
If a battery is discharged at a constant current, I, until the voltage falls to zero after
a time, t, then the capacity, Q (in units of ampere-hours Ah), is given as

Q(Ah)=1t

Consider that an electrochemically positive electrode material in a fully charged
battery has the composition CoO, that will undergo complete discharge to the
composition LiCoO,. The theoretical capacity of an electrode with 10g CoO, active
material can be determined with some simple chemistry considerations. Given a
molecular weight of 91g/mol for CoO,, the number of moles of monovalent Li
ions that will be taken up by the CoO, may be determined by their ratio. Note that
a mole of monovalent species has a charge of 9.649 x 10* C (which is the Faraday
constant, F); where a coulomb (C) is the charge carried by a currentof 1 Ain 1 s.
So C has base units of ampere second and F has base units of A s/mol. A single
monovalent ion (an electron or Li*) has a charge of 1.602 x 10"°C. This charge
multiplied by Avogadro’s number gives the Faraday constant. So we have

-1
(91ﬂ) 10gm 9.65 X 10°—— =1.06 X 10° C
mo mol
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1.06 x 104CE£ =2.94Ah
C 3600s

Although the capacity of the battery is an important consideration, it is only part
of the equation for how much work a battery can do. Thermodynamics tells us
that a reversible, incremental change in free energy, dG, due to a chemical reaction
in the electrodes is related to maximum work, wy,,, through the expression

—dG = 0w

We can relate this work that is available from the chemical reaction in the battery
to the electrical work associated with slowly transporting dn ions (the Li ions in
this case) against a potential difference, V as

MWy = 2FV (n) =—-dG(n) (5.1)

where F is Faradays’ constant and z is the valence of the ion. The voltage in Eq.
(5.1) is also the voltage that would be observed if the external circuit were “open.”
When the circuit is open, no ion or electron current can flow and there is no
“wasted” energy and the measured voltage is expected to correspond to the
maximum possible voltage. This is known as the “open-circuit potential,” or OCV.
The capacity is thus a measure of the total amount of charge that will move
through a battery, and the energy of a battery is the product of the amount of
charge and the electrochemical potential that the charge is capable of moving
against. Thus, the energy available from a particular battery is

N
Energy = JO zFV(n)dn

where N is the maximum charge available in the battery.

For a constant current (I) discharge, the rate at which the charge is passing
through the potential is known and a change of variable is possible so that the
energy is obtained by integrating the power for the discharge cycle of the battery
occurring over a time, ¢, in hours. If the voltage, V(t), is time dependent, then

\X/h:IJ.;V(r)dT

where Wh refers to Watt-hours. So it is apparent that the Wh for a battery dis-
charged at a constant current will depend on the magnitude of the voltage over
the time required to complete the discharge and the magnitude of the product of
current with time. The Li-ion battery works because the Li component forms a
very stable compound with MO,, while the Li in the negative electrode is compara-
tively unstable. In terms of chemical thermodynamics, this means that the Gibbs
free energy for the formation of LIMO, or Li MPOj is a very large negative number
compared to the free energy of formation for electroactive negative electrode in
the discharged state. If we consider the reaction equilibrium between the compo-
nents of LiC, (negative electrode) and MO, in a system in which the moles of LiCs
and MO, are initially equal:

LiC; + MO, ¢> LIMO, + C; (5.2)
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then we expect reaction (5.2) to proceed spontaneously to the right. The Gibbs free
energy change required for the reactants, LiCs and MO,, to come to equilibrium
with the product LiMO, is defined in terms of the free energy required to create
MO, from pure M and O, LiC, from pure Li and C, and the free energy required to
create LIMO, from pure Li, M, and O. The “products” are the components on the
right hand side of Eq. (5.2), while the reactants are the components on the left hand
side of Eq. (5.2). The free energy of formation of pure elements is defined to be zero:

AG = Gproducts - Greactants (53)

This is the theoretical amount of energy available to do work from reaction (5.2).
However, if we want this reaction to perform electrical work, then we have to
arrange the materials in a configuration that forces electrons to flow through a
circuit outside the system. Let us rewrite reaction (5.2) as the sum of two separate
reactions, which involve Li ionization

LICG —Lit+e + Cﬁ (5.43.)
Li* +e +MO, — LIMO, (5.4b)

In this case, reaction (5.4a) occurs on the negative electrode and reaction (5.4b)
occurs on the positive electrode and are thus called the “half-cell reactions.” If the
two reacting species, LiC, and MO,, are separated by a material that is both an
Li-ion conductor and electric insulator inside the battery, but connected by an
electrical system outside the battery, then we have a device in which the chemical
reaction drives the motion of electrons and ions, and the voltage at which the
charged species move is dependent on the free energy change for the reactions.
That is, the electrons produced in reaction (5.4a) can be driven through an external
device because they are being annihilated in reaction (5.4b). In terms of battery
operation, reactions (5.2), and (5.4a,b) proceeding to the right would be a discharge
process as the associated current external to the battery will provide energy for
useful work. If the battery is “charged,” then reactions (5.2) and (5.4a, b) proceed
to the left and the electrons and Li ions must be forced from the positive electrode
to the negative electrode by an external power supply (such as a battery recharger
for a cell phone or a brake system generator in a hybrid vehicle).

When the electrochemical processes (5.4a,b), and associated charged particle
transport occur very close to equilibrium (very slowly), they are said to occur
“reversibly.” Thermodynamically reversible processes allow the maximum possi-
ble work available from the battery to be recovered. In practice, we will never be
able to attain this maximum amount of work when running a consumer electron-
ics device or hybrid vehicle because the processes inside the cell are forced to occur
rapidly and far from equilibrium, or “irreversibly,” leading to a transformation of
some of the available electrochemical energy into waste heat. This waste heat
production leads to the reduction in the useful energy relative to the maximum
work that can be accomplished. However, the consideration of the maximum pos-
sible useful energy available in a battery is nevertheless of value because it provides
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a benchmark to examine cell efficiency and a quantitative method to compare
various battery materials.

The total amount of transported charge as a percentage of the maximum avail-
able charge, subtracted from a 100%, gives the “state of charge” (SOC) of the
battery. Notice that the voltage and free energy are written as a function of the
number of ions transported across the cell. This is the case for many modern
battery chemistries where the transported ions form a “solution” or multiple
compounds with the electrode material. It is also the cause of the OCV of a battery
being a function of the SOC. An example of a voltage/time curve relating voltage
and SOC from a commercial Li-ion battery being discharged in a cell phone is
shown in Figure 5.1b. This battery has a LiCoO,-positive electrode and a carbon-
negative electrode. We can study the relationship between SOC and OCV in a
battery by studying the negative and positive electrodes separately. For a Li-ion
battery like the one being discussed here, this usually involves studying the
discharge behavior of the carbon electrode and the discharge behavior of the
oxide with Li as the counter electrode. The OCV/x curves for the oxide and carbon
electrodes being discharged against an Li electrode are shown in Figure 5.1b. It
is seen that the OCV for discharge against Li is a function of SOC for both
electrodes. The fall off in OCV with SOC of the commercial battery can now be
seen as a combination of behavior of both the anode and cathode as shown in
Figure 5.1c.

It is apparent from Figures 5.1a—c that the voltage of the cell is dependent on
the SOC, falling almost a full volt before the phone undergoes auto shut-off
in Figure 5.1c. On the other hand, the figures demonstrate how materials chem-
istry and structure may be engineered to modify the energy density of the cell.
The “sloping” voltage/capacity curve of a commercial LiCoO,/carbon battery is
considered to be a fundamental limitation of the pulse power capability required
for transportation applications. The pulse power capability, P, on discharge is

defined as
Pc = me(ocv - Vmin ) Rge}tt

where Vi, is the minimum allowed voltage on the battery and Ry, is the internal
resistance of the battery determined using a current pulse test. Thus, it is apparent
that if the OCV decreases with SOC, the pulse discharge capability will be com-
promised at low SOC. As such, battery chemistries that provide a more planar
voltage plateau in the discharge curve are also being developed. Examination of
Figures 5.2 and 5.3 show that electrode materials such as LiMn,0, and LiFePO,-
based materials may be chosen or designed, which provide voltage plateaus that
are relatively flat, as opposed to the sloping profiles exhibited by LiCoO,-based
materials.

In order to explain the thermodynamic basis for the contrasting observations
among Figures 5.1-5.3, we have to understand that the concentration of Li is not
fixed within the host electrode materials but rather can change during the dis-
charge. This gradual change in concentration of the reactant and the product
during discharge effects the free energy change (and voltage) during each stage of
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Figure 5.1 (a) OCV curve for oxide-based positive electrode materials as a function of Li

fraction (X). From Ref. [1]. (b) OCV curve for carbon-based negative electrode materials as a

function of Li fraction (X). From reference [1].

the discharge process. To treat voltage:capacity phenomena explicitly for these
materials, the behavior of LiCoQ, versus Li is first considered. In order to describe
Figure 5.1a, consider the positive electrode, where the half-cell reaction is

Co0, +Li*+e” — LiCoO,

(5.5a)
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Figure 5.1 (c) Discharge curve for a commercial Li-ion battery in a cell phone (Nokia BLS-4

Battery). Taken from [2].
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Figure 5.2 The OCV versus x curve of the Li/Li,Mn,0O, half cell at the ambient temperature

obtained by GITT. From reference [3].
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From reference [4].

constant cell voltage corresponding to
two-phase coexistence. (c) XRD Reitveld
refinement for the A, B, and C samples.
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One way to write the free energy of the electrode is in terms of the mixing of the
pure components, CoO, and LiCoO,:

G(X)=(1-X)Gcoo, + XGricoo, +[RT[(1 = X)In (1= X) + XIn(X)]]+ RT In(y (X))
(5.5b)

where 7 is the activity coefficient describing the chemical interaction between the
pure components. The three component-specific free energy terms in Eq. (5.5b)
are written in terms of the “pure” components Eq. (5.6a), a term associated with
the entropy of mixing of those components Eq. (5.6b), and a term describing the
chemical interaction of the pure components with one another (attraction, repul-
sion, etc.) in Eq. (5.6¢):

(1-X)Geoo, + XGiicoo, (5.6a)
[RT[(1-X)In(1-X)+ XIn(X)]] (5.6b)
RTIn(y(X)) (5.6¢)

The activity coefficient is an X-dependent term that is a measure of how the Li
component interacts with the surrounding atoms in the crystal structure of the
electrode materials as the Li concentration (X) changes. The activity coefficient can
be a constant y= 1 when the chemical interaction is negligible, and in this case, the
mixture of components is said to be “ideal.” Otherwise, it is a “nonideal” mixture.

Now we need to relate Eqs. (5.4)—(5.6) back to the cell voltage. Dividing both
sides of Eq. (5.4) by the maximum possible number of Li ions that may be trans-
ferred across the separator, N, gives

zFV(n)dnN"'=-dGN™' (5.7a)
-dG

FV(X)=—— 5.7b

zFV(X) X (5.7b)

\%
Ideal (X)
4
Nonldeal (X) *e .
1 1 1
0.4 0.6 0.8 1

Figure 5.4 Comparison of the voltage-X behavior for an ideal and nonideal solution.



5.2 Materials Chemistry and Engineering of Voltage Plateau

Substituting Eq. (5.5b) into Eq. (5.7b) determines the composition-dependent cell
voltage, V(X), in terms of thermodynamic properties

V(X):—(zF)’l-[AGLiCOOZ_CoOZ+[RT(ln( X )+iln(y(X))m (5.7¢)

1-X/ dX

Equation (5.7¢) is fit to the data in Eq. (5.3b) as shown in Figure 5.4 (dotted curve)
for the case where

1
100000

OCV(X) = (—26001n( X) +207000X?* —344655X + 508054)V

This form of the activity coefficient is clearly describing a nonideal mixture. The
voltage behavior for an ideal mixture is shown in Figure 5.4 (solid curve) for
comparison.

5.2
Materials Chemistry and Engineering of Voltage Plateau

This sort of treatment of LiCoO, leading up to Eq. (5.7¢) assumes that there is a
continuous variation in free energy as x changes. This means that there are no
discontinuous changes in crystal symmetry, or density or heat capacity with x. As
such, the analysis gives the Li,CoO, system the properties of a nonideal solid solu-
tion between CoO, and LiCoO,. This assumption is the same thing as saying that
there is no “phase transition” in 1i,CoO, as x changes. This assumption is likely
to be false as there are reports of multiple changes in crystal symmetry as x
changes. However, from a practical standpoint, the voltage behaves as a nonideal
solid solution because of the sloping profile. This is due to the fact that the multiple
phase transitions are close together in the “x” space, and thus the properties have
the appearance of a continuous change. On the other hand, the plateaus of voltage
in Figures 5.2 and 5.3 suggest a significant discontinuity in materials properties
(changes in phase). To understand the reasons behind this phenomena of voltage
plateau and the correlation with phase change, Ramana et al. [5] have used the
Gibbs phase rule as a point of discussion, “f= ¢ — p + n, with n being the number
of the intensive variables necessary to describe the system, p the number of phases
and ¢ the number of components. In electrochemical studies, the intensive quanti-
ties are only temperature and pressure, but they are kept constant, so that n = 0.
Here, we deal with a binary system (c = 2). ... If only one phase exists in a particle,
p=1and f=1 so that the potential is a degree of freedom and varies with the
lithium concentration. On another hand, if the particles contain the two phases,
p=2,sothat f=0, in which case no intensive variable (e.g., potential) can change).”
In other words, planar voltage plateaus will exist when two phases coexist in a
binary (two component) electrode material. In terms of a quantitative thermody-
namic model, the free energy function for two phases, o and B, in equilibrium at
fixed compositions, X, and Xj, is given by
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(%=X , . (=X

G(x) =Gy B
IXo=Xpl 71X = Xl

(5.8a)

The derivative of G(x) with respect to X that will determine the voltage via Eq.
(5.7b) is then
d 1 1

£ G6x)=G, +G
dx (%) X, =Xl 1Xo - Xg]

(5.8b)

Since all the terms are constant on the right hand side of Eq. (5.8b), then the
potential voltage will be constant as x varies, thus leading to the technologically
preferred voltage plateau. The phosphate-based positive electrode material is par-
ticularly interesting because of the very long and very flat voltage profile occurring
above 3V versus Li. Several investigations have attributed this property to the
presence of a miscibility gap in the phase diagram (Figure 5.5) by which the end
members, FePO, (FP) and LiFePO, (LFP), tend to form clusters as opposed to
randomly mixing.

When compositions of the electrode material move into the miscibility gap
during charge or discharge, there is a tendency for the uniform composition to
decompose spontaneously into composition fluctuations with the extremes
approaching the solubility limits (Figure 5.5a). This has been studied by several
investigations of the lithiation of iron phosphate. Chen et al. [6] investigated the
chemistry of LiFePO, before and after chemical delithiation using TEM. At the
composition of LiysFePO,, the authors observed stripes of alternating contrast
parallel to (100) planes. These stripes of contrast were correlated to alternating
regions of compositions of approximately LiFePO, and FePO, by imaging the
variation in lattice spacing between the adjacent regions of dark and light contrast
and relating lattice spacing with composition. The conclusions of Chen et al. [6]
were supported by the work of Laffont et al. [7] using high-resolution electron
energy loss, who also concluded that zones of alternating FePO, and LiFePO,
composition are present in Li,FePO, particles. When this type of composition
variation arises by spontaneous decomposition of a uniform solution, it is known
as spinodal decomposition. In this case, spinodal decomposition originates from
the atomic scale interactions among LFP and FP components. It can be specified
that a particular decrease in energy of the two component system may occur when
the components are brought together into close proximity from being infinitely
far apart. These negative energies may be termed Ejgp.igp, Erppp, and Egpgp for the
permutations of the various component combinations. Using these definitions of
energy of interaction, the expression for a system of composition LixFePO, equiva-
lent to Eq. (5.6¢) becomes

1
RTIn (Yirp) = ZA[ELFP:LP - E(ELFP:LFP + Epp.pp ):| (1- X)z (5.9a)
and

1
RTIn(yw)= ZA[ELFP:LP - E(ELFP:LFP + Eppipp )il(X)Z (5.9Db)
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Figure 5.5 (a) Experimentally determined
phase diagram for nanoscale lithium iron
phosphate as a function of particle size. It is
observed that the miscibility gap contracts
systematically and solid solution limits
increase with decreasing particle size and
increasing temperature. From reference [4].
(b) HRTEM image of the 0.5

(LiFePO, + FePO,) sample showing a
LiFePO, cluster in the ac-plane. Inserts are

the fast Fourier Transform of the selected
regions, namely LiFePO, (LFP) domain,
FePO, (FP) domain, and across the boundary
(B). The splitting of spots of diffraction
maxima along the a-direction due to a
compositional difference along with lattice
parameters (see text) is evident in the FFTs
represented as “B” (for boundary). From
reference [6].

where z is the coordination number and A is Avogadro’s number. According to
the Gibbs phase rule, a planar voltage profile is expected when an FP-rich phase
can be in equilibrium with an LFP phase over a range of compositions (values of
X). This is expected when the battery electrode chemistry allows
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1
|:ELFP:LP - E(ELFP:LFP + Epppp ):|(X)2 >0 (5.10)

Meaning that as X increases from zero, a point will be reached where the LFP and
FP components will begin to segregate into domains in order to lower the energy
of the system. These segregated regions are in equilibrium with one another over
a range of X, delivering the requirement for the planar voltage profile. The com-
plicating factor is that the spacing between the components is a function of X, and
therefore there will be a local distortion of the positions of the components if the
crystals are to maintain structural compatibility. That is, unless the particles crack
or develop other discontinuities in the lattice such as dislocations, there must be
some compromise between the actual spacing of the components and the spacing
of the components that gives the lowest possible energy. When the crystal lattice
is continuous, the actual spacing of the components is then correlated to a materi-
als “stress” in which the actual spacing of the components is different than the
“stress-free” spacing of the components. As the spinodal decomposition process
gives rise to spatial variations in composition, the stress-free lattice parameter is
also expected to have correlated spatial variations. However, the variations in lattice
parameter are constrained by the ionic bonding of the ions in the crystal. That is,
the ions have a composition-dependent equilibrium spacing that gives the
minimum free energy at zero stress, but the spatial variation in composition leads
to a distortion away from the stress-free equilibrium positions. This behavior is
reflected in the X-ray diffraction data presented in Figure 5.3c. The complicating
factor here that the free energy and thus the voltage are functions of the stress.
Continuum elasticity is a technique of analysis that provides a way to interpret the
data presented in Figure 5.3c and to draw some conclusions about the role the
decomposition process plays in the cell voltage profile in Figure 5.3b. Consider
that the composition undergoes a periodic variation in one spatial dimension (say
in the x direction) in a cathode particle (Figure 5.6) with the corresponding stress-
free lattice parameter variations

C=65in(7m%)+€o (5.11)

where n is an odd integer and L is the half length of the crystal along the x and y
directions.
Equation (5.11) will define the body force and body force potential such that

V = Exesin (nn %)

The solution to the equilibrium elasticity equation with body force potential is
reviewed in Chapter 8 (Eq. (8.73) and Eq. (8.74)). The solution to this equilibrium
equation must be obtained such that it is consistent with the stress-free surface
boundary conditions. If no external forces are applied to the crystal surface, then

Gxx(lxl = L) =0
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Figure 5.6 Periodic variation in composition (gray scale) along the x direction in a crystal
having a half thickness of L.

o,(lyl=L)=0
oy(lyl=L)=0

Given these boundary conditions, it is expected that the general solution of Egs.
(8.72) and (8.73) of Chapter 8 to have the form

¢ =sin(Ax)(Acosh(Ay)+ B+ Dysinh(4y))
where

="z
L

with n being an odd integer. The stress is then defined through the derivatives of
the Airy stress function as

0..=[D(2Acosh(Ay)+ A*ysinh(Ay))+ AA% cosh(Ay) + Ead]sin (Ax)
0,, =—sin(Ax)A*(Acosh(dy)+ B+ Dysinh(Ay)) + Eadsin (Ax)
0., =[sin(Ax)A(Asinh(Ay)A + Bsinh(Ay) + By cosh (1y)4)]
Based on the form of the body force potential
B=Eae(1-v)A~

Application of the stress-free surface boundary conditions then gives
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sinh(AL)+ Lcosh(AL)A

A=Eadv -
A*(cosh(AL)sinh (AL)+ AL)

v

D =—sinh(AL)Ead -
A(cosh(AL)sinh(AL)+ AL)

To consider the result, let
k=nm

where n is the number of periods of composition variation within a single particle.
Based on the results of Cahn [8-10], the value of k will scale with crystal size
because the minimum wavelength of the composition variation is thermodynami-
cally limited by the gradient energy. The primary stress component is along the y
direction and is given by

2 2
Oy = —sin(kx)Acosh(ky)(k) + sin(kx)Eagv - sin(kx)Dy sinh(ky)(k)
L L™ \L L L L°\L

where A and D now have the form

sinh (k) + kcosh (k)
2

(E) (cosh(k)sinh (k) + k)

A=Eoev

v

I(cosh(k)sinh(k) +k)

D =—sinh(k)Eoe

Thus examining the maximum primary stress along the center line of the crystal
(y = 0) as a fraction of the maximum possible stress (the lattice parameter is
uniform throughout the composition variation) using k as a variable parameter
leads to the result illustrated in Figure 5.7.

0.8

Oyy(k) 0.6

Omax 0.4 -

0.2

Figure 5.7 Correlation between primary stress component at the crystal center (y = 0) and
k = nm.
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Figure 5.8 Distribution of principle stress magnitude across the crystal as a function of k.

The drop in stress at the center of the crystal as a function of crystal size is
interpreted as the relaxation effect of the free surface. Such an interpretation is
supported by examining the variation in stress across the crystal as a function of
the y coordinate, where the stress reduction is apparent in Figures 5.8a and b as
k decreases and the state of stress becomes much more uniform as k increases.
The phenomena of particle size stress relief of internal body forces observed in
the results examined in Figures 5.3 and 5.5 may now be considered as a materials
engineering design method to influence the voltage behavior. Figure 5.3c shows
a table in which the strain, as measured by XRD, increases as the crystal size
becomes quite small. The XRD measures the variation in lattice parameter from
the average lattice parameter, which we can see as a function of the surface relaxa-
tion effect in Figure 5.8. That is, a spatial variation in stress across the crystal
shown in Figure 5.8 for small crystal size (small k) is proportional to the variation
in strain across the crystal for small crystal size as seen in Figure 5.3c.

The role of the body stress and strain on the voltage profile is developed using
the idea that the change in free energy per Li atom is changed by adding the
amount of strain energy per Li atom to the stress-free chemical potential of Li or,
equivalently, adding the volumetric strain energy density due to Li concentration
variations to the stress-free volumetric free energy density. It has been shown for
a crystal of infinite extent that the maximum volumetric strain energy density is

2Eo?
1-v

AX?

where AX is the maximum difference in Li mole fraction. The effect of strain on
spinodal decomposition in solid materials has been considered for some time in
the materials science literature. For spinodal decomposition to occur in a crystal
of infinite extent

2

k) <o (5.12)

+2K(—
L

d? 2Eo?
G, +
dx? 1-v

1z
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where G, is the volume free energy and « is the gradient energy term. The results
above have shown that Eq. (5.12) must be modified when a finite-size single crystal
particle is considered. For spinodal decomposition to occur at the center of the
crystal, the critical condition becomes

d? E OLZ|:—1 sinh (k) +1cosh(k)k

G,+2 ;
dx? 1-v 1(cosh(k)sinh (k) +k)

2

<0 (5.13)

2
+1} +2K k
L

where the second derivative of the G, term is the only negative quantity. Taking
k =, k = constant and considering the second derivative of G, as a function of X
allows the examination of the onset of spinodal decomposition as a function of
SOC and crystal size. That is, rearrangement of Eq. (5.13) shows that spinodal
decomposition cannot occur unless the crystal size exceeds the critical value L,
given by

2 -1y
L= |:(1 -0)— 49351([;?@(1 -0)250+ 211Ea2] i|

For very small crystal size, the magnitude of the free energy second derivative
must exceed a specific value as X increases before spinodal decomposition may
initiate, thus limiting the extent of the planar voltage plateau as compared to a
crystal of infinite extent. The result exemplified in Eq. (5.13) then rationalizes the
observations in Figures 5.3b and 5.5a in that there is a critical crystal size for the
onset of spinodal. Moreover, as the stress-free surface condition causes a stress
relaxation within the crystal, the magnitude of volume-free energy change per Li
intercalation is increased, leading to an increased voltage as seen in Figure 5.3a.

There is a further physically significant phenomena exposed by the XRD results
in Figure 5.3c in that for larger crystal sizes, it is apparent that the average lattice
parameter difference between the FP and LFP domains is greater at the larger
particle size. One possible explanation is the formation of dislocation structures
to relieve the elastic strain due to spatial variations in Li concentration. The pres-
ence of such dislocations has been shown by TEM by Gabrisch et al. [11] for large
crystals (Figure 5.9a). However, it is known that the dislocation/surface interaction
in a small crystal, known as an “image force,” reduces the propensity for stress
relief by dislocation motion. This suggests that the ability to form stress-relieving
dislocations is hindered in small crystals, relative to large crystals and that the
elastic strain associated with spatial variations in stress-free lattice parameter will
be greater in the small crystal. On the other hand, the elastic stress in the small
crystal is expected to be reduced relative to large crystals because of the stress-
free boundary conditions. These competing methods of stress relief provide an
interesting mechanics of materials problem that has yet to be resolved or even
rigorously stated. In addition, the ability of dislocations to multiply and glide in
response to the body forces in LP/LFP composite structures may affect the fracture
toughness of the phosphate crystals. The image force from free surfaces may then
embrittle small particles or the surface region of large particles, leading to particle
degradation by cracking as shown in Figure 5.9b.
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Figure 5.9 (a) Dark-field TEM image and delithiated LiysFePO, particle. (b) Surface
associated diffraction pattern showing the fractures (indicated by arrow) on an
presence of dislocations (white lines) in electrochemically cycled LiFePO, crystal.
particles retrieved from a chemically From reference [11].

5.3
Multitransition Metal Oxide Engineering for Capacity and Stability

Thackeray et al. [12] have developed the approach that the properties of oxide
cathode materials may be engineered using combinations of crystal structures and
crystal chemistries. This type of approach is embodied in the work on structurally
integrated yLi,MnO;:(1—x)-LiMO, materials, where M can be either a single
element, such as Mn, or a combination of elements such as Mn,sNiys. As may be
discerned from the chemical formula, these materials exhibit more than one Li
per metal cation, a ratio which could be very favorable for achieving higher specific
capacity than oxides cycled over the composition ranges MnO, <> LiMn,0,; CoO,
<> LiCoO, and FP «> LiFePO,. Unfortunately, the oxidation state of Mn in Li,MnO;
is already at +4 and removal of Li from this structure without other changes in
composition will lead to untenable Mn oxidation states. The component LiMO,
for its part belongs to the family of LiCoO, and LiNiO,, which are known to exhibit
excellent electrochemical cycling characteristics, albeit at a lower theoretical capac-
ity than Li,MnO;. The impetus to replace the Co in the positive electrode has led
to efforts to create electrochemically active “layered” LiMO, structures (see Figure
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Figure 5.10 Layered structures of (a) Li,MnO;, (b) LiIMO, (M = Co, Ni, Mn, or combinations
of element). From reference [12].

5.10) where M is rich in Mn and Ni, but dilute in Co. The problem with this
chemistry is that the delithiated layered structure, MO,, is not thermodynamically
stable.

The basic idea explored by Thackeray et al. [12] is that a composite material of
the Li,MnO; crystal structure and chemistry with that of the LiMO, component
may combine the higher theoretical specific capacity of Li,MnOj; with the attractive
electrochemical reversibility of the LiMO,. The structure/chemistry of the two
components is shown in Figure 5.10a. Although the crystal space group is different
for each component, the configuration of the oxygen anions is quite similar
between the two. According to [12], “The compatibility of the close-packed layers
allows the integration of a Li,MnO; component with a LiMO, component at the
atomic level, if one allows for some disorder between the Mn and M cations. ...”
Superimposing the charge—discharge cycle of the crystal structure nanocomposite
on a Li,MnO;:LiMO,:MO, ternary composition diagram illustrates some of the
electrochemical properties of this system. It is observed that on the first charge
there is an unexpected capacity in the Li,MnO; 0.7 LiMn,sNi, 50, composite above
4.4V versus Li, leading to a specific capacity of 285 mAh/g on charge. However,
this high-voltage component of the capacity on charge is irreversible, as the first
discharge shows a sloping voltage profile initiating at ~4.4V with a capacity of
180mAh/g. The irreversibility of the capacity in this material is associated with
the removal of O anions from the crystal structure with the Li cations from
Li,MnO; component in order to maintain electrical neutrality in the crystal. This
removal of oxygen is evidently thermodynamically favorable as compared to the
Mn oxidation state increasing above 4+. Although the irreversibility of the capacity
above 4.4V means that this “excess” capacity will not directly contribute to the
energy density of the system, there can be an indirect contribution through the
mitigation of capacity loss through Li-rich SEI formation and other Li-scavenging
processes in the battery. Moreover, if the charge—discharge cycle is limited to volt-
ages below 4.4V such that the Li in the Li,MnO; component is not removed, then
there is experimental evidence [13] and theoretical evidence that the extra Li will
interact with the LiMO,:MO, component mixture to “stabilize” the crystal struc-
ture. The crystal stabilization mechanism of the Li,MnO; component on the del-
ithiated LiMO, component involves the migration of Li ions from the Li-rich
regions of the electrochemically inactive Li,MnO; to the Li-poor region of the
delithiated LiMO,. This migration adds Li back into the unstable MO, layered
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crystal structure; “thereby providing the additional binding energy necessary to
maintain structural stability,”; forestalling the onset of symmetry change and
associated crystal distortion. However, as previously mentioned these mobile Li
cations originating from the Li,MnO; cannot leave the crystal during charge unless
the charge voltage exceeds 4.4 V, resulting in a simultaneous removal of O anions
to maintain electrical neutrality.

The presence of the stable Li in the vicinity of the Li,MnO; clusters evidently
provides an additional benefit relative to the dynamics of Li migration during
charge/discharge processes. It has been proposed that the spreading of Li from
the Li,MnO; domains into the partially delithiated MO, domains results in Li
occupying both octahedral and tetrahedral sites. According to [12], “The co-exist-
ence of tetrahedral and octahedral lithium in the lithium-depleted layers gives the
electrode structure two-dimensional, quasispinel-like features, reminiscent of the
three-dimensional tetrahedral (8a)-octahedral (16¢) interstitial network of the
Mn,O, spinel framework .., suggesting that the lithium-depleted layers of
xLi,MnO;(1 _ x) Li;,MO, electrodes provide an energetically favorable interstitial
space for lithium, thereby ensuring fast reaction kinetics. Indeed, there have been
reports that a 10-15% excess lithium in Li;,,M;,,0, electrodes enhances their rate
capability consistent with our hypothesis.” It should also be noted that the pres-
ence of this stable Li in the vicinity of the Li,MnO; domains guarantees a mixture
of +3/+4 Mn valence. This type of mixed valence has been shown via molecular
dynamics simulation [14] to produce a high-frequency hopping of electrons
between the Mn ions of differing valence. This oscillation of negative charge
between adjacent sites is then predicted to cause a transient distortion in the
oxygen anion sublattice and easing the migration of the mobile Li. According to
these authors [14], “... Li diffusion occurred purely as a consequence of the lattice
dynamics. It arose only when the spinel lattice was undergoing significant local
distortion, such as during the initial 30ps of structural relaxation, or following
every reshuffle of the MnIII/MnlIV valences in model II. This correlation supports
a model in which Li migration is induced via a mechanism involving Mn, e.g.,
electron hopping and is mediated by resultant distortion modes of the mutually
coordinating O atoms.” It should be noted that this molecular dynamics simula-
tion result is supported by observations that electrical transport properties in
LiMn,0, are dominated by nonadiabatic small polaron hopping [15]. It would thus
appear that the migration of structural Li from Li,MnO; domains into delithiated
sections of the crystal will result in regions of high Li diffusivity in addition to
providing a stabilization of the crystal structure.

The materials engineering possibilities of multicomponent oxides for Li battery
applications have been recently amplified in the work of Wagemaker [16]. These
authors have investigated the behavior of the Li,Mg,;Ni;,Mn,sO, spinel (P4332)
chemically and electrochemically lithiated in the range 1 < x < 2.25. These materi-
als are interesting because the LiMgNi,s Mn, sO, spinels exhibit a high voltage
(4.7 V vs Li) and there is an ordering of Ni and Mn ions in the spinel octahedral
sites, which reduces the space group symmetry from Fd3m for random Ni and
Mn octahedral site occupation. These properties and behavior are similar to that
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Figure 5.11 (a) Electrochemical insertion of  chemically lithiated LiMgo;Nig4Mn ;50,4
lithium into LiMgo;Nio4Mn ; 50, between 3.5 samples. (c) Lattice expansion of the ¢ axis

and 1.0V versus Li/Li*: constant-current of the two tetragonal phases relative to the
(black) and OCV (gray) curves for the first original cubic phase as a function of the
cycle (left) and the second cycle (right). (b) lithium content. The size of the symbols

Phase fractions from Rietveld refinement as a  represents the size of the error bars.
function of the overall lithium content in the

found for the LiNiysMn, 50, spinel, so it is not really clear from the studies to date
what the advantage or influence of the addition of Mg ions might be. Nevertheless,
the studies of this material at lithium content above Li/(polyvalent metal) > 1
provide new insight into materials design possibilities. Wagemaker et al. find that
there is a significant change in the OCV and discharge curve between the first and
second cycle, as seen in Figure 5.11.

Detailed structural characterization of the material using Rietveld refinement of
X-ray and neutron diffraction data indicates the formation of two new tetragonal
phases (T; and T,) simultaneous with the migration of Ni and Mn cations to
form a “clustered” structure. The new-short range order of Ni and Mn destroys
the ordered Ni:Mn structure present in the initial material. On the basis of the
structural information, the authors of [16] propose the following scheme for an
explanation of the observed cycling behavior. “The appearance of the T1 phase in
the range x = 1-1.25 (5.11) suggests that the first potential plateau at about 2.7V
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reference [16].

versus Li/Li" is related to the coexistence of the initial cubic phase with this T1
phase. During the intercalation of lithium and the phase transition, the migration
of the Mn and Ni ions destroys the initial Ni-Mn ordering. Further intercalation
of lithium results in the formation of the T2 phase (Figure 5.11b), which has a
relatively high Ni : Mn ratio compared to the initial phase. The formation of the
Ni-rich T2 phase is consistently accompanied by a decrease in the amount of Ni
in the T1 phase. Although intercalation in the range x = 1.25-2.25 predominantly
results in the formation of the T2 phase (the T1 phase fraction grows only margin-
ally), the T1 phase progressively takes up more lithium. ... Therefore, step B at
about 2V versus Li/Li" is not only associated with the formation of the T2 phase,
but also reflects a mixed potential of lithium in both tetragonal phases. The fact
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that this plateau is not flat is ascribed to the variation of the lithium concentration
in the T1 phase and the migration of Ni and Mn, which changes the Ni : Mn ratio
in the T1 phase due to the formation of the Ni-rich T2 phase. The decrease of the
average Ni : Mn ratio in the T1 phase, which means an increase of reducible Mn*,
results in the accommodation of additional lithium in the T1 phase. At the begin-
ning of the second cycle, the tetragonal phases are converted back into a cubic
phase, with the difference that Ni-rich and Ni-poor domains have been formed in
the first cycle. Subsequent lithium insertion again leads to the formation of the
T1 phase, although this time is not hindered by the formation of the Ni-rich and
Ni-poor domains, because they are already present. The increased intercalation
capacity of the T1 phase, due to the smaller Ni : Mn ratio, can now be fully utilized
from the start of the second cycle. On the basis of the fraction of the T1 phase at
composition x ..., and the amount of lithium that can be inserted into it at the end
of the first cycle ..., the capacity of the T1 phase in the second cycle evaluates to
0.74mol of lithium, which is close to the observed 0.65mol of the first plateau in
the second cycle. ... This shows that in the second cycle most of the capacity of the
T1 phase is utilized before the T2 phase is formed and that the first plateau has a
larger capacity in the second cycle compared to the first cycle (0.35 mol of lithium).”

Perhaps the most important observation in this study is the disappearance of
the initial Ni-Mn ordering due to the extensive migration of Ni and Mn, resulting
in short-range order characterized by Ni-rich and Ni-poor domains. These cluster-
ing domains appear to exist over a length scale of approximately 40 nm, while the
ordered domains have a length scale of approximately 13 nm. The resulting change
in the electrochemical behavior signals the possibility of using transition metal
clustering or migration as a method to engineer specific electrochemical perform-
ance. However, these particular spinel materials, which undergo the cubic to
tetragonal phase transition, still exhibit significant volume changes during a phase
change. It is noted in [16] that these significant volume changes are correlated with
capacity decrease at increasing cycle number (Figures 5.11c and d) and the result-
ing mechanical strains within individual crystals and particles. The change from
cubic symmetry to tetragonal symmetry with increasing Li content in Mn oxides
can be attributed to the Jahn-Teller effect in the Mn cation environment, where
the adjacent oxygen anions are distorted from an octahedral arrangement as the
Mn valence approaches 3+. However, other transition elements such as Ni do not
show the large distortions in the surrounding oxygen octahedra as the valence
changes due to Li interaction. When Mn is the only cation species interacting with
the oxygen sublattice and Li, this Jahn-Teller distortion can occur across many
adjacent oxygen octahedra as the Li content increases. However, if the adjacent
oxygen octahedra contain either Mn or Ni cations, then the Jahn-Teller distortion
in the Mn octahedra may be inhibited by the stable octahedral symmetry of the
Ni environment. This suggested interaction may provide a physical rationalization
of the experimental observations. When X = 1, the Mn cations are ordered with
the Ni cations. That is, there is a periodic arrangement (nonrandom) of Ni and
Mn cations within the oxygen sublattice. This low-entropy arrangement signals a
significant negative energy of interaction (attractive) between the Mn and Ni
cations. However, as the Li content increases the Mn and Ni cations segregate to
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form clusters as the crystal structure changes symmetry from cubic to tetragonal
(Figure 5.11e). This is another low-entropy arrangement, but now signals a large
negative energy of interaction between Mn ions and a large negative energy of
interaction between Ni ions. This dramatic shift in the energy of interaction is
proposed to be a result of mechanical interaction between distorted oxygen octa-
hedra. The idea embodied by this discussion can be quantified using regular
solution theory applied to a ternary system. Let i,j,k correspond to Mn cation in
an undistorted oxygen octahedra, Ni cation in an undistorted oxygen octahedra,
and Mn in a distorted oxygen octahedral. Then the excess free energy of mixing
is given as

G =RT[(:RTIn(y:))+(x;RTIn(y;))+(xRT In(y:))]

where ¥, is the activity coefficient and y, is the mole fraction for n =i, j, or k.
According to the quasichemical model, the activity coefficient is correlated through
the energy of interaction of the various chemical species as

RTIn(yi) = (- x) (2 + Qu ) — 22,20

where
1
ij = ZNOI:ij —E(Hﬂ + Hkk):|

The parameter Z is the number of neighboring octahedra, N, is Avogadro’s
number, and H,, is the bonding energy between neighboring octahedra and is
expected to be a negative quantity in all cases. It is proposed that the ideas pre-
sented here in regards to clustering and ordering may be quantified using the
quasichemical model when

[Hyl > [H | > |H i

I
Gmix(lj)
_— =0.05 [~
RT -
Gmix tetrag (lj)
RT =0.1
=0.15

Ni octahedra mole fraction

Figure 5.12 Quasichemical solution models for the ordering (solid line) to clustering
transition as the fraction of octahedra undergoing Jahn—Teller tetragonal distortion increases
(dotted line).
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and
Hii:Hjj:Hkk

Now the energy of the system may be examined for the cases X=1 and X =2 in
terms of the mole fraction of Ni octahedra. As shown in Figure 5.12, the energy
of the crystal system, G,;,, is a minimum when the Ni octahedra have the same
mole fraction as the undistorted Mn octahedra. However, when distorted octahe-
dra are present (X = 2), the energy of the crystal system, Gpixenag, ShOWs two local
minimums. The double local minimum suggests that segregation of the Ni and
Mn octahedra will be expected due to the difference in energy of interaction
between the octahedra types.

5.4
Conclusion

The preceding discussion explores how it is possible to influence the voltage
profile through variations in crystal chemistry. Once the atomic level interactions
are understood, then the behavior during charge and discharge may be engineered
to produce mechanically stable crystals with desired voltage and capacity proper-
ties. Basic concepts in materials thermodynamics coupled with mechanics of
materials allow both a rationalization and development of design concepts for
materials properties and structure relationships in battery electrodes. It should be
acknowledged that many of the materials development in both oxides and phos-
phates were pioneered by J.B. Goodenough [17-19]. His insight and creativity have
led to a new era in battery materials technology. The following chapters, which is
concerned with anodes, will further illustrate how the capacity depends on the
material selection and configuration.
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6
Next-Generation Anodes for Secondary Li-lon Batteries
Katerina E. Aifantis

6.1
Introduction

This chapter will provide an overview of the materials chemistries and configura-
tions that are being studied experimentally in order to develop the next-generation
anodes for rechargeable Li batteries.

Until the 1980s, Li metal and alloys were used as the anode material [1], while
various solid solution Li materials were used for the cathode. Due to safety prob-
lems that resulted from this materials selection, carbon-intercalation materials
were solely substituted as the anode. The carbon structure, as well as the anode
thickness, play a detrimental role in the number of Li ions it can intercalate [2].
Petroleum coke carbon, for example, which has a turbostratic structure, can inter-
calate a low amount of Li, forming Li,Cg, where 0 < x < 0.5 [3]. Graphite, however,
which has almost a perfectly layered structure, is able to intercalate twice the
amount Li, forming Li,Cg, where 0 < x < 1, and giving a capacity of 372mAh/g [3].
During the first electrochemical cycles, the electrolyte decomposes on the carbon
surface, forming a passivation layer (solid electrolyte interface, SEI); once this layer
forms over the entire graphite surface, the electrolyte does not further decompose
and the cell can be cycled continuously with no capacity loss [3]. Graphitic anodes
are, therefore, used commercially in all Li-ion batteries. It should be noted that
adding carbon black to graphite results in a better capacity retention [2], despite
allowing for a lower Li intercalation. It has been possible to exceed the Li intercala-
tion in graphite beyond LiCg [4a], but at the expense of safety issues, such as Li
dendrite formation on the anode surface [4].

At the time that research was being performed to establish graphitic anodes,
concurrent studies were being performed on metals that could host Li ions,
without the occurrence of dendritic deposition of metallic lithium on their surface
upon cycling [5]. These early papers suggested that Li intermetallics with various
metals such as Sn, Si, Al, Bi, Pb, In, exhibited promising electrochemical proper-
ties [6-9]. The commercialization of these high-capacity anodic materials has not
been possible, however, due to the large volume expansions, over 100% [5], that
they experience upon lithiation. As a result during electrochemical cycling, the
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anodes expand (lithiation) and contract (delithiation) leading to fracture. This frac-
ture produces active material that is no longer in electrical contact with the remain-
der of the electrode, and therefore becomes unable to respond to the applied
voltages necessary to recharge or control the discharge of the battery. Furthermore,
fracture increases the surface area available to chemical attack by corrosive agents
present in the cell (HF and H,0). Significant capacity drops are, therefore, observed
after the first few cycles. Depending on the stability of the system, the surface
cracks may lead to complete fracture of the electrode, thus resulting in safety issues
as well.

In particular, the most promising materials for the next-generation anodes of
Li batteries are Si and Sn, as they both allow for a maximum Li insertion that is
over four times greater than that of graphite, Li,,Si and Li, ,Sn; while the respective
specific capacities given off upon the formation of these Li-rich alloys are 4200
and 996 mAh/g, respectively [10], and their corresponding volume expansions are
300%. In this connection, it should be mentioned that the commercially used
graphite has a very high mechanical stability as the volume expansions it under-
goes are approximately 6-10%. In order to minimize the expansion of Si and Sn,
nanoscaled Sn and Si anodes are being considered as nanomaterials not only have
unique deformation mechanisms [11, 12], but also preferred electrochemical prop-
erties [13a].

It is well known that during charging of the battery a voltage is applied such
that electrons flow from the cathode to the anode; as a result, the anode attains a
negative charge and the positive Li ions from the cathode are attracted to it.
Common electrolyte materials that accommodate the diffusion of Li ions, from
one electrode to the other, are Li salts dissolved in an organic solvent (details on
electrolyte solutions will be the focus of the following chapter). The exchange of
Li ions during cycling affects anode materials significantly, both mechanically and
chemically. This chapter will give an overview on the progress that has been made,
thus far, in examining promising high-capacity, metal-based anodes. In addition
to various materials chemistries, different configurations will be considered, as
they also affect significantly the capacity of anodes.

6.2
Chemical Attack by the Electrolyte

Although studies existed since the 1970s [7, 8] suggesting that various metals such
as Sn, Si, Bi, could intercalate Li, it was in the mid-1990s that industry began
producing patents on promising such metal-based anodes that had the potential
of replacing graphitic anodes; the proposed anodes would comprise of about 80%
of the active metal-base powder, 10% carbon (for conductivity), and 10% PVDF
(for connectivity). These patents by Fuji [14, 15] concerned anodes comprised of
5-10um powder particles of SnO. This material is also known as tin composite
oxide (TCO). It provided a capacity of about 600mAh/g [14].

The lithiation of TCO takes place in two steps. During the first electrochemical
cycle, the Li ions react with the oxygen to form Li,O, resulting in Sn nanoparticles
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dispersed in a Li,O glass matrix [14]. Once this two-phase composite forms, the
additional Li ions that diffuse into the anode, during the first cycle, react with Sn
to form Li-rich Sn phases. During discharging, Li is extracted from the tin-rich
phases, and then reinserted upon recharging. The lithium, however, that reacted
with the oxygen to form Li,O is not available to take place in further reactions
in the cell [14] and this results in irreversible capacity loses observed in TCO
materials, upon the first cycle. The aforementioned reactions can be written as
[14-16]

SnO, + 4Li* +4e~ — 2Li,0 + Sn (irreversible reaction)
xe” +xLi" +Sn- > Li,Sn (0 < x < 4.4) (during continuous cycling)

It was previously mentioned that electrochemical cycling of graphitic anodes
resulted in the formation of a SEI layer on graphite; this protective layer inhibits
co-intercalation of electrolyte solvents that result in exfoliation. In graphitic anodes,
this SEI layer is formed once on the graphite surface during the first cycle (at
voltages below 0.8V Li/L') and its drawback is that it reduces the irreversible
capacity. Such a layer also forms in these new TCO materials, but the sequence
of reactions is not well clarified, and there are two possibilities:

1) The SEI layer forms first on the surface of the TCO, then Li ions diffuse
through it, and decompose the TCO to Sn particles and Li,O matrix; finally Li
reacts with Sn to form rich Li-Sn alloys;

2) The Li reacts with the TCO to form the Li,O and Sn particles, then the SEI
layer forms on the surface of the particles, and finally the Li-Sn reaction takes
place.

Impedance studies of TCO anodes [17] concluded that prior to the reaction of
Li with O,, Li first reacts with the surface of the material forming a SEI shell,
which is distorted; then Li diffuses through this cell to distort the crystal structure
of TCO and form the Li,O matrix in which Sn is distributed, and then the revers-
ible Li,Sn reaction takes place. The reaction during SEI formation is written as

Li* +(EC, DEC,...) + e~ — SEI (Li,CO,, ROCO,Li, ...),

where (EC,DEC, ...) denote the electrolyte components.

The composition of the SEI layer has been identified for TCO anodes as Li,COs,
which forms at 1.2-0.9V Li/Li*, and ROCOLi,, which forms later at voltages below
0.9V Li/Li% it follows, therefore, that the Li,Co; forms first [17]. The SEI layer in
TCO is a greater problem than it is in graphitic anodes, since as the Sn sites frac-
ture during cycling, due to the expansions they experience, more surface is avail-
able to chemical attack by the electrolyte. Furthermore, as the sites expand and
contract, upon Li insertion and deinsertion, the SEI layer forms and disintegrates
continuously, and therefore new SEI layers form on aged layers, and eventually a
thick layer forms that inhibits Li diffusion in the active material, and reduces the
battery capacity. A problem in studying this electrochemical damage through
microscopy is that it is difficult to distinguish it from the mechanical damage
induced by the volume expansions.
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Figure 6.1 Si thin films cycled in a VC-free and VC-containing electrolyte. (Reproduced from
Ref. [20].)

Li intercalation and SEI layer formation are similar in other metal-based anodes,
and studies are being performed to fully understand this process. In trying to
minimize the SEI thickness, studies are being performed to estimate the operation
voltages that inhibit such electrolyte decomposition; in [18], for example, it is
indicated that the formation of this layer on the surface of AlSb anodes is reduced
at voltages below 0.5V.

Another way to face this problem is by considering alternate electrolytes. It was
first shown that adding vinylene carbonate (VC) in electrolytes enhances the per-
formance of graphitic anodes, by reducing its irreversible capacity and improving
its cyclability [19]. This led to the recent study [20] in which the same thin film Si
anodes were cycled using an electrolyte that contained VC and one that did not.
In the VC-free electrolyte case, the SEI thickness kept increasing with cycling, and
it contained a higher content of compounds, such as LiF, that decrease the capac-
ity. As a result, the VC-free electrode had an increased anode polarization, which
resulted in the degradation of cycle performance. The VC-containing electrolyte,
however, allowed for an SEI layer to form that had a stable thickness and, there-
fore, a higher capacity was retained for 500 cycles for the VC-containing electrolyte
[20], as shown in Figure 6.1. New electrolytes that are being investigated for Li
batteries will be described in detail in the next chapter.

6.3
Mechanical Instabilities during Electrochemical Cycling

Although the formation of the SEI layer is of importance, it does not play such a
detrimental role in capacity fade as fracture. In Figure 6.1, it was illustrated that
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controlling the formation of the SEI layer, through the electrolyte, resulted in a
higher capacity. It can be seen, however, in Figure 6.1 that for both types of elec-
trolytes a significant capacity drop took place, regardless of the structure of the
passivation layer. This capacity drop resulted from the 300% expansion of the Si
thin film, which leads to fracture. In continuing the study of these next-generation
anodes, it is essential to describe the mechanical instability phenomena that arise
upon electrochemical cycling (a brief description of how candidate electrode mate-
rials are cycled was given in Chapter 3).

As the Liions enter the anode, they diffuse through the inactive regions that may
be present and they enter the active with respect to Li metal inclusions (Si, Sn, Al,
Sb, Bi can act as active sites). As Li enters the active sites, the metal expands over
200%. During discharge of the battery, that is, during operation, electrons flow
back into the cathode and hence the Li ions are attracted back to their original posi-
tions. As a result, the active sites in the anode are free to attain the initial volume
they had —prior Li insertion—and a contraction takes place, leading to fracture.

This cracking forms during the initial electrochemical cycles, and has been
documented very nicely in [10]. In [10], a 4-um Cu film, which is inactive with
respect to Li, was sputtered on a stainless steel substrate, and then a 1-um SiSn
thin film was sputtered on Cu. As a complete battery system was not examined in
[10], but instead the behavior of the SiSn film upon Li insertion and deinsertion
was considered, the authors of [10] refer to the addition of Li in SiSn as the dis-
charge process, while the removal of Li is referred to as the charging process; pure
Li metal was used as the counter electrode. Upon Li insertion, Si and Sn experi-
ence an expansion of 310% and 260%, respectively. To determine the direction of
this expansion, razor marks were carved on the SiSn film prior the initiation
of electrochemical cycling (Figure 6.2a). Figure 6.2b was taken after the first

Figure 6.2 Experimental evidence taken Li deinsertion, (d) after complete Li

from Ref. [10] on electrochemical cycling of a  deinsertion, and (e) after second Li insertion.
Si-Sn thin film. (a) Before cycling begins, (b)  (Reproduced from Ref. [10].)

after first Li insertion, (c) 1 hour during first
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discharge (i.e., after SiSn was fully lithiated); it can be seen that no lateral expan-
sion is observed and, therefore, the film expanded in the out-of-plane direction.
In Figure 6.1c, it can be seen that as Li is removed, from SiSn, cracks begin to
form, which become more apparent as more Li is removed during continuous
charging, as seen in Figure 6.2d. The flake-like active particles produced from
these cracks are 100 um. These particles have the ability to continuously expand
and contract upon cycling and it can be seen that once the film becomes fully
lithiated (Figure 6.2e), the cracks are not visible and the film looks as it did during
the first discharge (Figure 6.2b), before cracking took place. It was observed at
higher resolution images that in fact the cracks do remain, but the defined form
of these cracks particles can expand and contract without further cracking. There-
fore, even though SiSn is fractured it is possible to maintain electrical integrity
and control the charging and discharging processes; this electrical contact results
from the fact that the center of the cracked particles remains pined to the Cu film
and, therefore, electrical contact is sustained.

This submicroscopic fracture of the SiSn anode that results from electrochemi-
cal cycling resembles the macroscopic phenomenon of drying mud, as seen in
Figure 6.3; it is very interesting that the pattern in both the cracked active site and
cracked mud are similar, regardless of the great scale difference. In this case, Li
acts in a similar way as the evaporating water; in fact just as dry mud, the edges
of the cracked SiSn particles curl at the edges, where they detach from the Cu film.

It has been possible for the 30-um diameter flake-like active particles with
1-8 um thickness to expand and contract by up to 100% with no noticeable damage,
after the first discharge process [10]. Similar cracking behavior has been observed
when electrochemically cycling an SiO, thin film [21]; the cracked particles pro-
duced, however, had a much smaller diameter of 100nm. It should be noted here
that it has been proposed that these cracks might act as high diffusivity paths for
the Li ions, allowing for better electrochemical properties of the anode through
some cracking; this has not been examined in depth though.

(b)

Figure 6.3 (a) An optical micrograph of a Li alloy film after expansion and contraction due to
electrochemical cycling. (b) Cracked mud in a dry lake bed bottom. (Reproduced from Ref.

no.)



6.4 Nanostructured Anodes

In the remainder of this chapter, various methods that have been developed to
deal with the aforementioned instability phenomena of these promising anodes

will be described.

6.4
Nanostructured Anodes

Extensive experimental research has yielded that the most effective way to mini-
mize the large expansions of metals that are active with respect to Li is to surround
them by an inactive or less active material with respect to Li. As a result, the expan-
sion upon Li insertion is both constrained and buffered. Furthermore, these
active/less-active composite materials are taken to have nanodimensions since
deformation and fracture mechanisms are less severe at the nanoscale [11, 12],
and therefore the anode capacity does not decrease as rapidly with continuous
electrochemical cycling. In particular, crumbling of the active site surface during
cycling is reduced at the nanoscale, and the concentration gradients responsible
for fracture are significantly minimized. Pulverization of the active materials is
also reduced at the nanoscale; however after continuous cycling nanoparticles
aggregate, under the absence of a less-active matrix, and therefore pulverize.

In addition to the mechanical stability, the electrochemical properties are also
enhanced at the nanoscale (i) due to the large surface area present in nanomateri-
als, higher charge/discharge rates are achieved, (ii) nanodimensions result in
shorter path lengths for Li-ion transport, that is, higher diffusivities, allowing for
an increase in power capabilities; for example, bulk Si reacts with Li at 400°C [13b],
whereas nanoscale Si reacts with Li at room temperature [13c].

The most effective way to deal with both the electrochemical (SEI layers) and
mechanical (fracture) instabilities that arise at the nanoscale is to embed the active
material, which can be Si, Sn, Sb, Si, Al, in an inactive or less active with respect
to Li matrix, such as Cu, N, Ag, C; or furthermore to encase the active sites in a
carbon shell. As previously mentioned, this configuration minimizes damage and
fracture of the active sites since the matrix material buffers (cushions) and con-
strains the expansion of the active material. Furthermore, the active site surface
area (which is significantly high at the nanoscale) is protected by the matrix, and
therefore a thick SEI layer does not form on the active site surface. Finally, the
matrix inhibits agglomeration and pulverization of the active materials. In the
cases where C is the matrix, in addition to offering mechanical and electrochemical
stability, it allows for additional storage of Li ions.

There exist numerous experimental studies that propose promising materials
selections that allow for capacities nearly double that of current graphitic anodes.
In particular, these configurations exist in various configurations such as (i)
thin films, (ii) fiber-like/nanowires, (iii) active/less-active nanocomposites. In
the sequel, the various next-generation anodes will be presented in the afore-
mentioned three categories. Each configuration category will give information
on the fabrication, microstructure, and electrochemical performance of various
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promising Sn-based and Si-based anodes as they offer the highest capacities and
are, therefore, the most examined. In the last section, Sb, Al, and Bi anodic materi-
als will also be summarized, although they appear to be the furthest away from
commercialization.

6.5
Thin Film Anodes

6.5.1
Sn-Based Thin Film Anodes

Although Sn is not the material that gives the highest capacity upon its reaction
with Li, it will be examined first since it was the metal that popularized the use of
these high-capacity metal-base anodes, after the patent by Fuji Film [15]. It should
be noted that pure Sn is hardly used alone as an anode, but almost always in its
composite form, mainly as SnO,, since the Li,O matrix that forms upon Li inser-
tion buffers/constrains the expansion of Sn, which is approximately 298%.

In [22], 550nm films were fabricated by electroplating SnO, on a Pt current
collector. The resulting electrodes had an initial capacity of 560mAh/g, which
reduced to 440mAh/g after 40 cycles.

More efficient Sn-based thin film anodes can be achieved by using a different
matrix material. It was observed in [23] that Li could form a buffering matrix with
S, similarly as it does with O. Studies performed in [24] propose that the Li inter-
calation takes place as

xLi* +SnS + xe~ — Li,S+ Sn (irreversible reaction)
xe” +xLi" +Sn ¢ Li,Sn (0 < x < 4.4) (during continuous cycling)

In [25], SnS/C thin films anodes were fabricated by homogeneously dispersing
5-6nm SnS particles into carbon aerogel and then coating this thin film on copper
foil through the spin-coating method. Carbonizing the mixture resulted in an
SnS/C nanocomposite thin film that was 600 nm. Therefore, C provided additional
constraints to the expansion of Sn, and also since C is active with respect to Li, it
could store additional Li*. The initial capacity of this thin film was nearly
1000mAh/g, while after a few cycles it stabilized at 530mAh/g for 40 cycles. The
significant capacity drop of about 500mAh/g that occurred during the first cycle
(Figure 6.4) was due to the irreversible bond of Li ions to form the Li,S matrix.
Once this matrix formed the capacity was stable, and the presence of C and S
prevented aggregation and fracture of the Sn particles (Figure 6.5), and minimized
the formation of the SEI layer; the small dimensions of the Sn particles also play
a detrimental role in the minimal damage observed.

There exist additional Sn-based thin films, to those described above; however
they give capacities (below 400mAg/h), which are comparable to those of com-
mercial carbonaceous anodes and therefore will not be discussed.
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Figure 6.4 Capacity retention of SnS/C nanocomposite thin film. (Reproduced from Ref.
(25])

Figure 6.5 SnS/C nanocomposite film. The left HRTEM micrograph is taken before the
electrochemical cycling begins, while the left is taken after the fourth electrochemical cycle. It
can be seen that no significant damage has taken place. (Reproduced from Ref. [25].)

6.5.2
Si-Based Thin Film Anodes

The other most popular anode candidate for Li batteries is Si. As opposed to Sn,
which is rarely used in its pure form, pure metal Si has been used as an experi-
mental anode base material, especially in the film configuration. Theory predicts
that the formation of Li,,Si produces a capacity of 4200mAh/g. The capacity of
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bulk Si is reduced by 90% after the fifth electrochemical cycle [26], such that it
approaches the capacity of C. For nanoscaled Si, however, it has been possible to
maintain capacities close to the theoretical value. In particular, the highest capaci-
ties have been obtained for Si in the form of films with nanodimensions. The
focus of researchers has been to increase the film thickness, while maintaining
high capacities over 1500mAh/g. It has been observed that the capacity not only
depends on the film thickness, but also on the fabrication method. Therefore, an
overview will be given here on the various capacity retentions that have been
achieved in various studies. It should be noted that the common factor in all the
proceeding studies is that Si films have an amorphous structure instead of a crys-
talline, as it has been documented that amorphous Si has a more open structure
as compared to crystalline Si, and can therefore accommodate more efficiently the
Li insertion and deinsertion by allowing for a homogenized expansion—contraction
upon cycling [27].

In [27], it was shown that a capacity of 2000mAh/g for over 50 cycles can be
achieved for an amorphous 100nm Si thin film fabricated by physical vapor depo-
sition. In [28], it was observed that both the film thickness and capacity can be
increased by fabricating the films through radio frequency magnetic sputtering.
This allowed the development of 250 nm amorphous Si thin films that gave capaci-
ties of 3500 mAh/g for 30 cycles [28]; increasing the film thickness to 500 nm, while
maintaining this fabrication method (but using a rough Cu collector), gave capaci-
ties of 1500mAh/g after 30 cycles [29]. In [30], a capacity of 3000mAh/g for 70
cycles was achieved for 200nm Si thin films. This radio frequency magnetic sput-
tering technique, however, significantly reduces the favorable properties of Si,
when used for the production of microscale films [28], and as seen by the afore-
mentioned it has not been possible to overcome this. Therefore, despite the sig-
nificantly high capacities obtained, it is not likely that this method will allow for
the development of commercial Si anodes.

In [31], it was possible to increase the film thickness, while maintaining a high
capacity by roughening the surface of the substrate (Ni) onto which n-type Si was
deposited in a vacuum. Roughening of the Ni surface substrate was performed by
etching. Letting the thickness of the Si film be 500nm allowed capacities of
3600mAh/g to be retained for 200 cycles [31].

In attempts to find alternative fabrication methods that allow the production of
thicker films that retain the favorable properties of Si, electron-beam deposition
was used to develop 2-um Si films [32]. These films were able to deliver a 3400 mAh/g
capacity for 50 cycles, which decreased to 2550mAh/g after 200 cycles [32]. Moti-
vated by these results, a battery cell was developed [32] in which the anode was a Si
thin film with 4-6um thickness, while the cathode consisted of LiCoO,; this cell
retained a capacity of 1.5mAh/cm? for 200 cycles, with an efficiency of 97%. It is
interesting to note the microstructure effects that Li insertion had in the Si film
anode. Figure 6.6 illustrates the as-deposited Si film on the roughened Cu sub-
strate. Due to the roughness of Cu, the Si film has a columnar structure. These
columns in the Si film result in a discontinuous structure, which as a result con-
tains additional Si interfacial surface, perpendicular to Cu. The discontinuous
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Figure 6.6 A 6-um Si film anode, prior cycling: (a) SEM image of the anode surface, (b) TEM
image of the cross-section. (Reproduced from Ref. [32].)

Figure 6.7 SEM images of a 6-um Si film anode after 250 cycles (produced capacities of
1.8mAh/cm?): (a) surface, (b) cross-section. It can be seen that Li insertion and deinsertion in
the first cycles resulted in Si-micron fibers/columns. (Reproduced from Ref. [32].)

structure accommodates the Si expansion upon Li insertion, while the perpendicu-
lar interfaces allow for the fracture to form along the interface, and therefore the
microcolumn structure is accentuated upon cracking during discharge. Planar
fracture is, therefore, avoided. Figure 6.7 depicts the aforementioned microcolumn
structure after 250 cycles. This fracture morphology most likely occurs during the
initial electrochemical cycling. Just as the flake-like particles of Figure 6.2, the Si
columns remain in contact with Cu. It can be seen that ample space exists to accom-
modate the volume expansions, and the Si microcolumns remain in contact with
the Cu substrate. This good adhesion is achieved due to the roughness of Cu [32].

In addition to the aforementioned LiCoO,/Si thin film cells, another type of Si
thin films were cycled with an LiCoO, cathode [33]. The Si film was sputtered on
rough Cu foils by dc magnetron sputtering; the resulting films were 2pum thick,
and when cycled against an LiCoO, cathode, a capacity of 0.54mAh/cm” for 300
cycles was achieved, with only a 0.01% capacity decay per cycle. Figure 6.8 depicts
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(a) (b)

Figure 6.8 (a) HRTEM micrograph of an amorphous 2-um Si thin film deposited on Cu. (b)
HRTEM micrograph of the Si thin film after 300 cycles. (Reproduced from Ref. [33].)

LEl  10.0KV X3.000 1um~ WD 79mm LEI 10.0KV X3.000 1gm_ WD 7.9mm

Figure 6.9 (a) SEM micrograph of Si thin film (2um thick) deposited on Cu before cycling.
(b) SEM micrograph of Si thin film after 300 cycles (the thickness has increased to 6 um).
(Reproduced from Ref. [33].)

the amorphous structure of Si (which allows for a better accommodation of the
volume expansions) prior cycling, and the pulverized Si film, with increased thick-
ness, after 300 cycles. Apparently, however, this fracture is not severe, as the
capacity retention was very good, implying that the fracture particles remained in
contact with the Cu, and could respond to electrochemical cycling. It is of interest
to point out that the formation of the SEI layer can be significant on such Si films,
as shown in Figure 6.9. The capacity was not reported to be affected by the SEI
layer [33]; in [32], it is reported, however, that Li ions were captured in this layer
and resulted in an increase in the irreversible capacity.

Before concluding the thin film configuration, it is interesting to note a recent
study that emphasizes the preferable effects that the addition of N has in Si thin
films [34a]. Amorphous Si,N, thin films were deposited on a Cu substrate through
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Figure 6.10 Electrochemical performances of various 200nm Si;,N, thin film anodes.
(Reproduced from Ref. [34].)

rf magnetron sputtering. The resulting films had a 200 nm of thickness. Initially,
as Li enters the film three phases form Li;N, Si;N,, and Si, where the Si active
sites are distributed throughout. In addition to offering mechanical stability, the
matrix formation enhances the electrochemical properties, as Li;N is one of the
best Li-ion conducting compounds. In order to study the effect of N, three different
thin films were examined: a pure Si thin film, an Si; 73N, film, and an Si;soNg4
film [34a]. Each anode exhibited a very different electrochemical performance,
which is seen in Figure 6.10. The pure Si anode in this case exhibited a high initial
capacity of 3000mAh/g, which decreased to 700mAh/g at the 200th cycle. The
Sip73No24 anode exhibited practically no capacity for the first several hundred
cycles, while an abrupt capacity increase of nearly 2000 mAh/g was recorded at the
646th cycle, which increased to 2300mAh/g at the 750th cycle, and was retained
until cycling ceased at 850 cycles. The Sij59Ng4; anode did not give off any capacity
throughout the whole cycling process. The unique electrochemical behavior of
Sip73Ng,4 is attributed to the formation of Li;N, which began forming at the 646th
cycle and, therefore, Si particles were created that could react with Li; further
cycling formed additional Li;N, which enhances the kinetics of Li insertion and
deinsertion, and therefore the capacity increased as shown in Figure 6.10. Fur-
thermore, it was observed in [34a] that performing cycling at higher temperatures
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allowed the abrupt capacity increase for an Siy;3N,,4 anode to occur around the
30th cycle, since high temperatures aid the formation of Li;N.

As an end note, it should be illustrated that in addition to adding N, other mate-
rials can be used as matrices in Si-based thin films. Si nanoparticles (30-50nm)
were distributed homogenously in LiTi,0, [34b] using a sol-gel method. The
resulting nanocomposite film was porous, accommodating therefore expansions,
and had a thickness of 600nm. A capacity of 1100mAh/g was retained for 50
cycles. Through appropriate impedance measurements, it was possible to measure
the Li-ion diffusion coefficient as 107 cm?/s.

The deficiency of using thin film electrodes, though, is that their thickness does
not provide sufficient active material to make them commercially viable. Hence,
alternative nanoconfigurations are sought after.

6.6
Nanofiber/Nanotube/Nanowire Anodes

It was seen in the previous section that the most promising thin film configuration
was that in which the Si thin film had a columnar structure, since it could accom-
modate fracture through the formation of microncolumns (Figures 6.6 and 6.7).
In this section, it will be further illustrated that such type of vertical/columnar-like
microstructure results in higher capacities not only for Si- but also for Sn-based
anodes.

6.6.1
Sn-Based Nanofiber/Nanowire Anodes

The highest stable capacities that have been achieved, thus far, for Sn-based
anodes are those obtained for the fiber-like Sn-based materials presented in [22].
In Section 6.5.1, the results for the SnO, thin film described in [22] were reported,
and as seen they did not have a high capacity retention. In addition, however, to
a thin film SnO, anode, the authors in [22] examined a fiber-like SnO, anode.
These fiber-like materials were produced similarly as the thin film, but on per-
forming the template method a microporous membrane was placed on the Pt
current collector, and therefore the SnO, precipitated in the pores and formed
fibers that protruded from the current collector as seen in Figure 6.11. The nano-
fibers were 110nm in diameter. Their initial capacity was 700mAh/g, which
increased after the first few electrochemical cycles and stabilized at 770 mAh/g. It
is possible to cycle such anodes 800 times without a decrease in capacity. The
unique electrochemical performance of these anodes is attributed to their nanodi-
mensions and also to the fact that the brush-like fibers accommodate the expan-
sion during Li insertion. For illustration purposes, the capacity of the SnO, thin
film is also shown in Figure 6.12.

Another confirmation of the preferred electrochemical properties of nanofibers,
was presented in [35]. SnO, nanorods that can be used as anodes were fabricated
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Figure 6.12 Comparison contained in [22] of capacity retention between SnO, nanofiber and
SnO; thin film electrodes, at a charge/discharge rate of 8 C over the potential window of
0.2-0.9V. (Reproduced from Ref. [22].)

by heat-treating Sn—20%Ag alloys in a gas containing oxygen. If the oxygen volume
is between 0.5 and 1%, SnO,, nanowires (30-70nm in diameter and several
hundred micrometers in length) form on the Sn—-Ag surface as shown in Figure
6.13. If the oxygen volume level, however, is above 2%, nanoparticles form that
have a mean diameter of 30nm; nanowires are still sparingly observed in this case.
As Figure 6.13 indicates, the SnO, powder particles agglomerate, not leaving much
room to accommodate the volume expansion upon cycling; the SnO, nanorods,
however, allow for better mechanical stability and therefore a significantly higher
capacity retention as seen in Figure 6.14.

6.6.2
Si-Nanowire Anodes

As mentioned in Section 6.4, graphite is often used to coat active materials so as
to protect the surface and accommodate the volume expansion. Therefore, as Li,O
acted as the buffering matrix in the aforementioned Sn-based anodes, the authors
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Figure 6.14 Superior capacity retention of SnO, nanorods over SnO, nanoparticles.
(Reproduced from Ref. [35].)

in [36] used C to protect the surface of Si nanowires. Since carbon nanotubes have
been given considerable attention during the past decade, Cr-doped Si nanowires
were coated by C nanotubes as seen in Figure 6.15. Cromium was added in order
to increase the conductivity of Si (and hence assist Li diffusion). The nanowires
were coated by C nanotubes through decomposition of CH, by using Ni as the
catalyst at a temperature of 1073 K for 6 h. The initial capacity was 1700mAh/g,
which reduced to 1250mAh/g after the tenth cycle that was stably sustained.
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Figure 6.15 Cr-doped Si, coated with carbon nanotube. (Reproduced from Ref. [36].)

Figure 6.16 (a) TEM image of Si core/shell NWs after third electrochemical cycle, (b) TEM
image after 15th cycle, (c) SEM image after 15th cycle. (Reproduced from Ref. [37].)

Promising capacities have also been obtained for Si nanowires. Although these
nanowires are solely comprised of Si, they form core/shell structures as Si inside
the nanowire is crystalline, while it is surrounded by amorphous Si [37]. The
amorphous Si has a lower activation voltage than the crystalline Si; hence by elec-
trochemical cycling at particular voltages it is possible to activate only the amor-
phous Si shell so as to accept Li ions. The crystalline Si core allows for high
electrical conductivity and mechanical support of the nanowire, while the amor-
phous shell can store Li ions and accommodate the resulting volume expansions.
The capacity attained for these anodes was as high as 1000mAh/g for 100 cycles,
while the coulombic efficiency was 90% [37]. Figure 6.16 depicts the crystalline/
amorphous core/shell Si nanowire, after electrochemical cycling. The dark and
light contrast regions of the core, after the 15th cycle, indicate the straining that
took place upon cycling due to the volume expansions.
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6.7
Active/Less Active Nanostrutured Anodes

As was seen from the previous section, Sn- and Si-based anodes allow for higher
capacities to be obtained than from those produced by carbonaceous materials.
Although thin film and nanowire configurations allow for very good electrochemi-
cal properties, more attention has recently been given to nanostructured compos-
ites, in which a more active material is alloyed or embedded in a less-active
material with respect to Li.

6.7.1
Sn-Based Active/Less Active Anodes

6.7.1.1 Sn-Sb Alloys

In addition to binding Sn to O, Sn—Sb have also been proposed as anodes. Although
Sb is used to buffer the volume expansion of Sn, in a similar way as the use of O,
it is also active with respect to Li, providing a capacity of 660mAh/g, upon
maximum lithiation (Li;Sb).

To show the enhanced electrochemical properties that result from alloying Sn
with Sb, various Sn—Sb alloys were considered as anodes in [38]. It was noted that
the capacity of pure Sn nanoparticles (diameters between 50and 200nm, Figure
6.17a) is initially 990 mAh /g but drops rapidly to 210mAh/g after 20 cycles; adding,
however, 46.5at%Sb (Sn-Sb particle diameters between 50and 200nm, Figure
6.17D) results in anodes that give an initial capacity of 701 mAh/g, which reduces
to 650mAh/g after 20 cycles. Other at%Sb compositions (Sn-30.7%Sb, Sn-
46.5%Sb, Sn-47.2%Sb, Sn-58.5%Sb, Sn-80.8%Sb) also result in a better cyclability
than pure Sn, but 46.5at%Sb gave the best capacity retention [38]. It follows that
since Sb provides a lower capacity than Sn, increasing the amount of Sb in the
Sn—Sb alloy lowers the initial capacity; this side effect, however, is greatly com-
pensated by the significantly increased capacity retention of Sn—Sb alloys.

In order to further enhance the enhanced cyclability of Sn-based anodes, there
have been studies that coated the Sn—Sb alloy with a C shell. In [39], the cyclability
of a crystalline Sn,Sb micron-powder, Figure 6.17c, was compared to the same
powder but with the Sn,Sb particles encapsulated in C microspheres, Figure 6.17d,
through carbonization. The starting reversible capacity of the 5-10um Sn,Sb par-
ticles was 689 mAh/g, but a significant capacity fade was observed after the 13th
cycle (approximately), and after the 60th cycle the capacityhad reduced to 150 mAh/g;
even lower than that of graphite. Once, however, these powders were encapsulated
in C, the capacity was retained to 600 mAh/g after 60 cycles, Figure 6.18.

It is noted here that the Sn-46.5at%Sb anodes [38] do not show a significant
capacity loss at 13 cycles as the Sn,Sb anodes [39]. This is attributed to the fact that
the Sn-46.5at%Sn particles are at the nanoscale, whereas the Sn,Sb have a micron
size. As a result, the deformation mechanisms of the Sn-46.5at%Sb anode are less
severe, and therefore agglomeration and subsequent pulverization are observed at
much slower rates than in the micron-scale. A most effective SnSb anode would,
therefore, result by encapsulating nanosized Sn,Sb powder by C microspheres.
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Figure 6.17 (a) Sn nanoparticles (reproduced from Ref. [38]); (b) Sn-46.5at%Sb (reproduced
from Ref. [38]); (c) Sn,Sb micron-powder particles of multiangular shape (reproduced from
Ref. [39]); (d) Sn,Sb particles encapsulated in C microspheres (reproduced from Ref. [39]).
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Figure 6.18 Comparison of capacity retention between Sn,Sb alloy power and carbon-coated
Sn,Sb powder. (Reproduced from Ref. [39].)
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6.7.1.2 SnS, Nanoplates

Another promising Sn-based active/less active anode is that of layered SnS, nano-
plates. The fabrication of these unique nanostructures is achieved by thermal
decomposition of the precursor, Sn(S,CNEt,),, in an organic solvent at elevated
temperature [40]. These nanoplates are 120nm in the lateral direction, and they
are stacked on each other along the [001] direction; their stacking configuration is
enforced by van der Waals interactions [41]. Each nanoplate is single crystalline
and is comprised by 30 layers according to Figure 6.19, while their shape is hex-
agonal as depicted in Figure 6.20.

90° tilting

Figure 6.19 TEM images, obtained by rotating the TEM holder stage 90°, indicating the
layered structure of the SnS, nanoplates. (Reproduced from Ref. [41].)

Figure 6.20 (a) TEM and (b) FESEM images of SnS, nanoplates. (Reproduced from Ref. [41].)
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Figure 6.21 Capacity retention of SnS, nanoplates, Li insertion in SnSb, nanoplates.
(Reproduced from Ref. [41].)

Upon Li insertion during electrochemical cycling, the lithiation that takes place
is as follows:

SnS, +4Li* — 2Li,S + Sn (irreversible reaction)
xLi* +Sn > Li,Sn (0 < x < 4.4) (during continuous cycling).

The initial capacity of these materials was 645mAh/g, which stabilized to
583mAh/g, as seen in Figure 6.21. The high capacity retention of these SnS,
nanoplates is attributed to the following factors: (i) the Li,S matrix buffers the
expansion of Sn, and (ii) their 2D layered structure results in a finite lateral size
with enhanced open-edges. As a result the Li-ion diffusion through the active
materials is increased, while the overvoltage associated with the formation of
Li-Sn is decreased [42].

6.7.1.3 Sn-C Nanocomposites

In concluding, the Sn-based active/less-active nanostructured anodes, Sn—C nano-
composites will be described. In [43], a fabrication method by which Sn nanopar-
ticles were attached on the surface of a synthetic carbon was proposed; however,
the resulting capacities were not above 400mAh/g. In [44], a similar fabrication
method was presented but the resulting Sn/C composite contained Cl, which is
corrosive and its presence should be avoided in battery cells. In [45], a stable capac-
ity of 500mAh/g was attained for 25 cycles; however, in addition to Sn particles
that were attached on the C surface, free-standing Sn particles were also present;
these free-standing particles agglomerated and fractured, and hence were not able
to contribute in the capacity of the anode. In [46], however, a fabrication method
was developed for binding all the Sn particles on the C surface; in some cases, Sn
was oxidized and hence SnO, was bound on the C surface. As seen in Figure 6.22,
the smallest Sn or SnO, particles were 4nm, while in some cases they aligned
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Figure 6.22 TEM image of Sn or SnO; islands on Vulcan C. The Sn or SnO, islands are
shown as dark spots such as those pointed to by the arrows. The Sn content is 8 wt.%.
(Reproduced from Ref. [46].)
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Figure 6.23 Capacity retention at various current densities for 8wt.% SnC nanopowder
(again Vulcan C was used). Green: 0.2 A/(cm’gay); Red: 1.025A/(cm?gay); Blue: 1.011 A/
(cm?gaw). (Reproduced from Ref. [47].)

adjacent to each other forming larger diameter Sn or SnO, islands; hence this
microstructure is also referred to as Sn/SnO, island microstructure. In Figure
6.23, it can be seen that a stable capacity of 380mAh/g was attained for over 400
cycles for such a 8wt.%Sn—C island composite. Although this capacity is slightly
higher than that of currently used graphitic anodes, it should be noted that the
carbon matrix was Vulcan-C, which provides a capacity or 180mA/g; therefore,
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the 200mAh/g capacity increase observed was solely due to the addition of
8wt.%Sn. Current studies are being performed with high capacity graphites.

It should be mentioned that Sn—C nanocomposites have also been fabricated in
which the Sn nanoparticles are embedded in C (e.g., [48, 49]). When the Sn par-
ticles were over 100nm [48], the capacities were not as high; if the Sn nanoparti-
cles, however, had an average diameter of 35nm, a capacity of 500mAh/g was
retained for 100 cycles. To achieve this capacity, the Sn content had to be 50wt.%,
whereas the aforementioned Sn/C island composites allow for higher capacities
with a lower Sn content [45].

6.7.2
Si-Based Active/Less Active Nanocomposites

Initial studies for Si-based anodes in a nanoparticle configuration employed pure
Si, solely, just as was done for the thin-film configuration. The achieved capacities,
however, were not only lower than those for the thin-film configuration, but in
some cases they were even lower than that of Sn-based anodes, even though the
theoretical capacity of Sny,Li is significantly lower than that of Si,,Li. For example,
Si nanoparticles, 80nm in diameter, gave a capacity of 1700mAh/g on the tenth
cycle [26], while electrochemically cycling Si nanoclusters 50 times reduced their
capacity to 525mAh/g, even though their starting capacity was 2400mAh/g [27].
In [50], this capacity fade was again documented, showing that Si nanoparticles
gave starting capacities of 2400mAh/g, which reduced to 600mAh/g after 20
cycles, implying a capacity retention of only 25% [50]. These poor electrochemical
properties of Si nanocrystals are attributed to severe fracture that takes during
cycling.

6.7.2.1 Si-SiO,~C Composites

In an attempt to reduce fracture and therefore achieve a better capacity retention,
Si particles were embedded in a SiO, matrix, anticipating that the SiO, would
buffer the volume expansions of the Si particles. In order to make the deformation
mechanisms of the Si active sites less severe, the Si nanocrystals were taken to be
2-10nm in diameter [51]. Using solely SiO, as a matrix material is not efficient
since SiO, is nonconductive and traps the Li ions within it; hence a Si-SiO,~C
composite anode was proposed [51]. To fabricate the aforementioned composite,
a mixture of SiO powder milled with graphite powder was dispersed into monomer
solution and then polymerized. With heat treatment, Si nanocrystals and amor-
phous clusters were dispersed in SiO,, which in turn were embedded in graphite.
It should be noted that Si reacts with C to form SiC above 1000°C, so it is neces-
sary to maintain appropriate temperatures in order to inhibit the formation of this
additional nonconductive phase. Upon electrochemical cycling, Li enters the pure
Si active sites and once they are fully lithiated, it is intercalated with C. Li, though,
is also trapped in the SiO, phases by forming Li,SiO; and Li,SiO,; these phases
are formed irreversibly during the first Li-insertion process, and therefore both
the amount of Si and Li that can control the capacity of the battery is reduced. The
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Figure 6.24 Capacity retention of Si-SiO,~C nanocomposite. (Reproduced from Ref. [51].)

initial capacity of this Si-SiO,—C anode was 700mAh/g and after 200 cycles it had
reduced to 620mAh/g [51]. It was noted in [51] that the smaller the active sites,
the higher the capacity retention. In Figure 6.24, it is seen that the columbic effi-
ciency was 100% after the first few cycles. The lower coulombic efficiency observed
initially is due to the Li reaction with the surface of the anode forming the SEI
layer.

In order to optimize the performance of these promising anode materials, the
wt.% of the oxide phase must be reduced. A step toward this direction was taken
in [50], where the performance of pure Si and Si-SiO, electrodes, with 12 wt.%0,
was compared directly. The pure Si nanocrystals had an initial capacity of
2400mAh/g and a 25% capacity retention after 20 cycles, while the oxide-covered
Si (Figure 6.25) not only had a lower starting capacity of 1500mAh/g but also a
lower capacity retention of 21%. This suggested that the SiO, limits the diffusivity
of Li into the Si particles, and therefore C was used as the protective matrix, as
opposed to SiO, [50]. The Si—C composites were fabricated by mixing Si powder
with a resorcinol-formaldehye (RF) gel and then carbonizing the mixture to
produce Si particles coated by hard C, as shown in Figure 6.26. The disadvantage
of this technique is that Si reacted with the oxygen in the RF gel to produce SiO
that covered a certain surface area of the Si particles and during the carbonization,
this SiO decomposed to Si and SiO,. Due to the presence of SiO,, the anticipated
Si—C core—shell composite gave initial capacities of 950mAh/g, which reduced to
350mAh/g after 20 cycles.

Although the nanocomposite of [50] resulted in lower capacities than that earlier
developed in [51], it was still described here to illustrate the significance of using
small particle active sites. The fact that the Si-based composite of [51] had a sig-
nificantly higher capacity retention than that of [50], despite the existence of higher
amounts of nonconductive SiO, phases in [51], is attributed to the fact that the
nanocrystalline Si particles were significantly smaller in [51]; in [51], the Si diam-
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Figure 6.26 Carbon-coated Si; SEM and TEM images. (Reproduced from Ref. [50].)

eter was 2-10nm, whereas in [50] it was 30-50nm. These larger particles resulted
in more severe cracking that disrupted the connectivity of the anode, as seen in
Figure 6.27, and hence gave poor capacity retention.

6.7.2.2 Si-C Nanocomposites

Significantly higher capacities than those in which O was present have indeed
been achieved in Si-sol gel graphite (Si/SGG) anodes [52]. The Si particles were
dispersed in the SGG through planetary ball milling and hand grinding. The 3D
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Figure 6.27 TEM image of a silicon—carbon core—shell composite after 30 cycles.
(Reproduced from Ref. [50].)
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Figure 6.28 Affect of Si content in Si—-SGG composites. (Reproduced from Ref. [52].)

structure of the SGG was very effective in buffering the Si volume expansions,
and the capacities obtained were greater than 2400mAh/g for 25 cycles. However,
it can be seen in Figure 6.28 that with continuous cycling, there seemed to be a
tendency for further capacity fade. Allowing for higher Si contents (19.8 wt.%Si)
the initial capacity approached 4000 mAh/h; however, the capacity fade was more
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Figure 6.29 Si nanoparticles embedded in amorphous carbon. (Reproduced from Ref. [53].)

pronounced. Reducing the Si content allowed a better capacity retention, indicat-
ing that not only the Si particle size, but also the amount of Si affect the capacity.
In Chapter 8, a theoretical justification, based on fracture mechanics, will justify
the qualitative trend of Figure 6.28.

Another, promising Si—C composite was fabricated in [53]. 20 wt.%Si-80 wt.%C
composites (Figure 6.29) were fabricated through a dehydration reaction using
concentrated H,SO, as the dehydration agent and thermal decomposition of
sucrose. The Si particle sizes were below 25nm, and they were embedded in C
such that the metal active surfaces were protected and also agglomeration was
prevented. Since the C content is significantly higher that the Si content, the initial
capacity was 1000 mAh/g, and a 100% retention was obtained for 30 cycles, as seen
in Figure 6.30. This unique performance is attributed to the mechanical stability
that was attained through the nanosize of the Si particles and the buffering support
that was offered by the carbon matrix, as well as the good conducting properties
of carbon. It is seen in Figure 6.30 that embedding the Si particles in a Ag matrix
resulted in a significant capacity fade, while pure Si particles provided a lower
capacity than graphite after the fifth cycle.

In concluding this subsection, it is interesting to note that nano-Si/cellulose
nanocomposites have been proven to be of the most promising active/inactive
anodes [54a], allowing for capacities of 1400mAh/g to be attained for 50 cycles, as
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Figure 6.30 Comparison between capacity retention in pure Si, Si/Ag, and Si/C nano-
composites. (Reproduced from Ref. [53].)
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Figure 6.31 (a) SEM image of Si nanoparticles attached on cellulose fibers; inset indicates
fibers prior Si adhesion. (b) Capacity retention of a 34%Si/cellulose composite, cycled at
200mA. (Reproduced from Ref. [54a].)

seen in Figure 6.31. The structure of these most promising Si-based anodes is
similar to that of the Sn/C nanocomposites described in Section 6.7.1.3, since as
the Si nanoparticles (40-50nm) were mixed with the cellulose in isopropanol and
stirred, they adhered onto the cellulose fibers, thus forming a type of island struc-
ture, as seen in Figure 6.31. The high capacity obtained from these materials is
attributed to the mechanical stability of the Si particles offered by the cellulose
fibers. It should be mentioned that this microstructure was initially attained for
Sn particles on cellulose [54b]; however, the resulting electrochemical properties
were not comparable to that of the Sn-based anodes in the previous section.
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6.8
Other Anode Materials

Although most the research in metal-based anodes is focused on having Sn and
Si as the active sites due to their very high capacities, 996 and 4200 mAh/g, respec-
tively, there exist other metals that are active with respect to Li as mentioned in
the introduction. Although the resulting capacities from using such metal-based
anodes are much lower, it is of interest to include some examples here.

6.8.1
Sb-Based Anodes

In Section 6.7.1.1, it was shown that SnSb alloys can be used as anodes. Sn is the
most active material with respect to Li, and therefore such anodes are considered
as Sn based; the main role of the Sb is to constrain the expansion of the Sn, and
inhibit agglomeration of the Sn sites. Upon lithiation, Sb gives a capacity of
660mAh/g, and experiences an expansion of 150%. In order to accommodate this
expansion, Sb has been alloyed with Cu producing a Cu,Sb intermetallic alloy; the
structure of these alloys are alternating layers and upon Li insertion the phases
produced are [55]

Cu,Sb+2Li <> Li,CuSb + Cu
Li,CuSb+Li < Li;Sb+ Cu.

Depositing a powdered Cu,Sb anode on a Cu foil current collector allowed for a
capacity of 290mAh/g, which was retained after 25 cycles, over the full voltage
range 0-1.2V. Although this capacity is lower than that of graphite, it is near the
theoretical capacity of this material, which is 323 mAh/g [56]. In [57], it was shown
that a capacity of 290mAh/g could also be attained for Cu,Sb thin films fabricated
through heat treatments and electrodeposition.

Higher capacities have been achieved by embedding pure 100-200nm Sb par-
ticles in a pyrolytic polyacrylonitrile polymer matrix [58]. The second discharge
capacity was 485mAh/g, while after the 20th cycle it had reduced to 408 mAh/g.

About the same time that the optimum microstructure of Figure 6.31 for Si was
obtained, the potential of such a nanocomposite was also illustrated for Sb parti-
cles that are adhered on cellulose [59] as shown in Figure 6.32. The resulting
capacity of the Sb/cellulose nanocomposite was 470mAh/g for 40 cycles (Figure
6.33), while the capacity of pure Sb nanoparticles degraded below 70mAh/g after
the 15th cycle. Hence, this island-type structure seemed to be most promising for
Sb as well.

In [60], another promising Sb-anode was proposed. It was shown that cycling
LiSbO; against Li metal gave starting capacities that were nearly 600mAh/g, but
a significant drop to 500mAh/g was observed at the 15th cycle. In particular, upon
lithiation the reversible electrochemical reaction that takes place is

LiSbO; +4Li* + 4e~ < LisSbO;
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Figure 6.32 (a) Sb nanoparticles adhered on the surface of cellulose fibers, (b) unattached
Sb nanoparticles. (Reproduced from Ref. [59].)
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Figure 6.33 Comparison between capacity retention in pure Sb nanoparticles and Sb/
cellulose nanocomposite. (Reproduced from Ref. [59].)

This suggested that other materials of the same family such as LiSb;O; and
Li;SbO, could also be anode candidates.

6.8.2
Al-Based Anodes

Al-Li alloys give a wide range of theoretical capacities depending on the Li
content; AlLi:993mAh/g (similar to that of Li,4Sn), AlLi;:1490mAh/g, and
Al Liy:2235mAh/g. These high capacities are partly due to the lower atomic
weight of Al, as compared to that of Sn. It is very difficult, however, to maintain
such high capacities after the first cycle. This may be partly attributed to the fact
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that the Li diffusion coefficient in Al (6 X 10 cm?/s at 293K) [61] is two orders
of magnitude lower than that in Sn [62].

Just as in most metal-based anodes, the first Al-anode configuration that was
examined was the thin film form. The capacity increased as the Al thin film thick-
ness decreased. The thinnest film examined [62] was 0.1 um and it gave an initial
capacity of 800mAh/g; however, it was not possible to retain it.

Powder Al particles have also been fabricated again without the possibility to
retain the initial capacity. Various particle sizes in the micron scale were examined,
but a coherent trend relating reduction in particle size with better capacities was
not obtained [63], and therefore further studies need to be performed. In [64], it
was documented that pure Al particles gave starting capacities of 789 mAh/g,
which dropped to 325mAh/g after 10 cycles. This significant capacity decrease is
attributed to severe cracking and pulverization that occurs from the first cycle, as
seen in Figure 6.34. In order to protect the Al particles from cracking and from
contact with the electrolyte, to both of which the reduction of capacity is attributed,
SnO nanoparticles were attached, through chemical means on the Al surface, as
seen in Figure 6.35. After one cycle, it was observed that no damage was apparent
for such composite particles due to an increase in fracture strength, tensile
strength, and elastic modulus of reinforced Al composites [65]. On initial Li inser-
tion, SnO decomposes to Li,0O and Sn, and therefore the conductivity is also
increased. The possibility of Sn-lithiation is not touched upon in [64]. In particular,
three different wt.% for the SnO coating were considered: 5%SnO, 10wt.%SnO,
and 20wt.%SnO. In Figure 6.36, it is seen that the Al sample covered with
10wt.%SnO showed the best electrochemical properties, giving a starting capacity
of 810mAh/g, which reduced to 582mAh/g after 10 cycles. Figure 6.36, however,
suggests that further cycling will result in additional capacity reduction. Finally, it
is noted that increasing the SnO content to 20wt.% or reducing it to 5wt.% gave

Figure 6.34 (a) Pure Al particles before cycling; (b) pure Al particles after first cycle, against
a Li electrode. (Reproduced from Ref. [64].)
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Figure 6.35 (a) Al particles covered with 10wt.%SnO nanoparticles before cycling; (b, c) Al
particles covered with T0wt.%SnO after first cycle. (Reproduced from Ref. [64].)

lower capacities. This shows that the amount of SnO must be such so as to protect
the Al from fracture and pulverization, but not so much so as to bind a significant
amount of Li, upon the decomposition of SnO.

6.8.3
Bi-Based Anodes

The final alternative Li-active material that will be described is Bi. The theoretical
capacity upon the formation of Li;Bi is 385mAh/g [66], which is practically near
that of currently used graphite anodes, and therefore from a commercial point of
view Bi is not promising. From a scientific viewpoint, however, it is of interest to
look at the electrochemical cycling properties of Bi since it is consistent with previ-
ous observations on Sn- and Si-based anodes.
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Figure 6.36 Capacity versus cycle for various Al-wt.%SnO particles. (Reproduced from
Ref. [64].)

Figure 6.37 Micrographs showing Bi nanoparticles of 300nm diameter (a), and dendrite
formation after 10 cycles (b); Reproduced from Ref. [16a].

Upon maximum Li insertion, Bi expands 210%, and as a result it also has a low
cyclability in the bulk and microscale due to severe deformation. In order to
decrease the volume expansion damage, nanoscale Bi particles with an average
diameter of 300nm were embedded inhomogeneously in a graphite-PVDF/HFP
SOLEF copolymer (Solvay) which acts as a binder. A 50% capacity fade occurred
after ten cycles; the Bi content of the anode was varied to various weight%, and it
was noted that lower Bi content allowed for a better capacity retention; similar
observations were made for Si in Figure 6.28. This low capacity retention was
attributed to the fact that the Bi nanoparticles were distributed randomly, favoring,
therefore, agglomeration and dendrite formation (Figure 6.37) that resulted from
the 210% volume expansion upon Li insertion.
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6.9
Conclusions

In concluding this overview, it should be mentioned that the research articles
published in this area, every year, are plethora and it would be impossible to sum-
marize all of them. The purpose was to describe some of the most promising
configurations and fabrication methods for the next-generation anodes. General
conclusions that can be drawn are that fiber-like/nanowire configurations of active
materials such as Si and Sn accommodate the colossal volume expansions and
allow for better capacity retentions than the thin film case. Furthermore, it was
illustrated that active/less-active nanocomposites improve significantly the electro-
chemical properties of all metal-based anodes, while the most promising micro-
structure is that of active site islands attached on the surface of carbon or cellulose
(which also contains carbon). It is anticipated that within the next couple of years,
some type of materials selection, most likely an Sn—C or Si—C, nanocomposite will
be used commercially in the next-generation Li batteries.
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7
Next-Generation Electrolytes for Li Batteries
Soo-Jin Park, Min-Kang Seo, and Seok Kim

7.1
Introduction

At the turn of the millennium, the consciousness of the need to use energy more
efficiently spread, at least in the “developed” countries. The efficient use of energy
also includes efficient storage of electricity, meaning that one needs to have high
energy density batteries that have low energy losses during storage, electrical
charging and discharging, and last, but not the least, batteries with long lifetimes
and minimum production and disposal costs [1, 2].

In the last decade, a number of different battery systems were found to meet
the requirements for electric vehicles (EV), among which are the nickel-metal
hydride, the sodium-sulfur, and the lithium-ion systems [3]. In the USA, the
lithium-ion battery is considered to be most promising and thus its development
is considerably supported [2]. The history of the development of secondary lithium
batteries was described in Chapter 3, but additional information can be found in
[4].

There are two major arguments for using a lithium-ion battery: lithium is the
lightest element that can safely be handled in electrochemical processes and it
exhibits the highest oxidation potential of any element; properties that make
lithium ideally suited for high energy density batteries. However, lithium-metal
electrodes in contact with liquid electrolytes cause a variety of problems, which in
the worst case can lead to fires and explosions. Therefore, the most promising
approach is that of the “rocking chair” cell, in which the lithium metal is replaced
by a lithium-ion source [5-7]; examples of such, current and future, electrodes are
given in Chapters 5 and 6. During charging and discharging of such batteries,
lithium ions are rocked between lithium—carbon and lithium-metal oxide interca-
lation compounds, which act as the electrode couple. A typical example is displayed
in Figure 7.1, in which Li,Cq is used as the anode and Li,Mn,0, (a spinel) as the
cathode.

Due to the numerous applications of lithium batteries in the automotive and
aerospace industries and portable devices, significant interest exists from both
developers and manufacturers on improving their material chemistries [1, 8, 9].
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Figure 7.1  Schematic illustration of a lithium rocking chair battery with graphite and spinel
as intercalation electrodes and its electrode reactions.

As cathode and anode materials selection was described in the previous chapters,
the present chapter will focus on alternative electrolytes. Current liquid electrolytes
employed in Li-ion cells result in a gradually degradable charge—discharge cycle
performance, due to volatility problems [10, 11], and decomposition reactions of
the liquid organic electrolyte solution (e.g. EC:PC, DMC-containing LiPF) that
may result from the high oxidation potential of the metal oxide cathodes. There-
fore, solid or solid-like electrolytes are in demand for use in high-capacity Li bat-
teries [12-15]. So far it has been possible to commercialize Li batteries using
polymer gel electrolytes (PGE), not solid polymer electrolytes (PE). AU Li batteries,
however, that employ a form of polymer as their electrolyte are commercially
termed Li polymer batteries.

At present, various research units and private companies such as PolyPlus,
Moltec, and Ultralife Batteries in the USA and Maxell in Japan are actively involved
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in developing polymer lithium batteries both for small- and large-scale applica-
tions. The PolyPlus Battery in the US, for example, is developing room tempera-
ture lithium polymer batteries, which can deliver a high specific energy (200 Wh/
kg) and a high rate discharge (500 W/kg). In general, the solid redox polymeriza-
tion electrode (SRPE) consists of the electroactive materials (organodisulfide
polymer) and carbon powder, in a matrix of a suitable ionically conducting polymer
such as polyethylene oxide (PEO). The polydisulfide undergoes scission to form
dithiolate salts upon reduction, and is reoxidized reversibly to the polymeric
disulfide. Therefore, in a prototype cell working at 80-90°C and using a lithium
intercalated disulfide polymer as the cathode, and carbon as the anode (just a in
Li-ion cells) a specific energy as high as 200 Wh/kg was observed [16, 17]. The
discharge/charge cycles were almost reproducible for over 350 cycles. Moltec, on
the other hand, has reported an AA-sized battery based on an organosulfur cathode
with a specific energy density of 180 Wh/kg [18]. Ultralife Batteries have reported
a solid polymer battery based on intercalation type electrodes that operates at room
temperature giving 170 Wh/kg, and showing a performance of more than 500
charge/discharge cycles [19].

One of the main purposes to develop polymer lithium batteries is for traction
applications. Based on the survey on demand for alternative fuel vehicles made by
Turrentine and Kurani in the US in 1995 [20], consumers agreed to buy EVs, which
would run for atleast 200km per battery. This was accepted mainly on the grounds
of environmentally friendliness of an EV. It is only recently that details of EVs, in
the US are communicated to the people through mail, telephone, and Internet
communications [21]. It was found that some people rejected the idea of an EV
mainly because of the need of home recharging and shorter driving range per
battery. Nevertheless, the concept of zero emission and high reliabilities of an EV
would still prove encouraging for an environmentally conscious person. Table 7.1
indicates the USABC (The United States Advanced Battery Consortium) criteria
for an EV battery.

Table 7.1 The United State advanced battery consortium (USABC) criteria for EV battery.

Battery properties Unit Mid term (~2000) Long term (~2010)
Power density W/l 250 600
Specific power W/kg 150-200 400
Energy density Why1 135 300
Specific density Wh/kg 80-100 200
Life Years 5 10
Cycles 600 1000
Price $/kWh <150 <100
Normal recharge time H <6 3~6

Operating environment °C -30-65 —40-85
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Solid and solid-like polymer electrolytes offer unique advantages such as satis-
factory mechanical properties, ease of fabrication as thin films and formation of
proper electrode—electrolyte interfaces. Polymeric electrolytes have found wide
application in electric or medical devices, electroluminescence devices, and pho-
toelectric devices. Since Wright et al. discovered in 1973 that PE based on PEO
(OCH,CH,),) with an alkaline metal salt offered ionic conductivity [22], PEs have
received widespread attention. Moreover, it is possible to substitute liquid electro-
lytes in transitional lithium-ion batteries, thereby achieving an electrolyte system
for solid-like lithium polymer batteries [23-26]; therefore, the promising next-
generation anodes, described in Chapter 5, could be used in Li polymer cells as
well.

The field of PE has gone through three stages: “dry solid systems,” “polymer
gels,” and “polymer composites.” The “dry systems” use the polymer host as the
solid solvent and do not include any organic liquids, such as PEO/LiClO,). The
“polymer gels” contain organic liquids as plasticizers, which with a lithium salt
remain encapsulated in a polymer matrix (e.g., PMMA/EC-PC/LiClO,), whereas
the “polymer composites” include high surface area inorganic solids in proportion
with a “dry solid polymer” or a “polymer gel” system, such as PEO-LiClO,+inorganic
fillers. More detailed explanations of the “dry solid systems” are excluded in this
work due to the insufficient experimental data of the systems.

To compare the performance of liquid electrolytes, polymer electrolytes, and
polymer composite eletrolytes, we considered three electrolytes: 1) 1M LiClO,~PC,
2) TPU-PAN-1M LiClO,~PC, 3) TPU-PAN-1M LiClO,—PC containing Al,O;
respectively (where TPU-PAN = thermoplastic polyurethane-polyacrylonitrile, and
PC = propylene carbonate). Lithium metal and LiCoO, were employed as negative
and positive electrodes, respectively. The area of both electrodes was fixed as
2.25cm?. Li/PE/LiCoO, laminated cells were assembled by pressing Li, electrolyte,
and LiCoO,; sealed by a polyethylene film, and laminated by an aluminum foil.
Afterward, the cells were cycled with the BT-2043 system (Anbin electrochemical
instrument, USA) between 4.2 and 2.7V at room temperature. The charge-dis-
charge curves of the cells at the third potential cycle are shown in Figure 7.2. It is
obvious that the cell at C/20 rate achieves a capacity of 115mAh/g. A comparison
among the discharge curves reveals that the capacity of both PEs is slightly lower
than that of liquid electrolyte. The reduced capacity is attributed to the lower dif-
fusion rate of lithium ions in the PEs as compared with that in the liquid electrolyte
[27]. Significant research is, therefore, being performed to fabricate optimum PEs.

Competitor electrolytes, to PEs, that can realize solid Li batteries, are organic
salts with melting points below room temperature, so-called room-temperature
molten salts (RTMS), that have been the main focus of many recent scientific
investigations, due to their unique physical and chemical properties [28-30]. They
are nonvolatile, nonflammable, miscible with a number of organic solvents, and
have a high thermal stability. From an electrochemical point of view, they offer a
high ionic conductivity and a wide potential window. For these reasons, these salts
have attracted much attention for their potential application to electrochemical
capacitors [31, 32] or nonaqueous Li-ion batteries [33, 34].

” o«
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Figure 7.2 The third cycle charge—discharge performance of Li/1M LiClIO,—~PC/LiCoO,, Li/PE
(TPU=PAN-1M LiClO,~PC)/LiCoO,, and Li/PE(TPU-PAN-1M LiCIO,~PC Al,03)/LiCoO, cells.
(PE: 46.5% TPU-PAN and 54.5% LiClO,~PC; 8wt.% Al,O;).

The most common and extensively studied PE is based on PEO-lithium salt
complexes (named PGE). This PGE shows good electrochemical and mechanical
performance, and many studies on PEO combined with various lithium salts,
such as LiClO, and LiBF,, have been reported [35, 36]. However, PGEs have a
conductivity of only 10~107° S /cm, which is low for some applications. The unsat-
isfactory conductivity can be ascribed in part to the high degree of PEO crystallinity
at room temperature, as well as the strong interactions between Li ions and poly-
mers [36]. One of the efficient ways to decrease the crystallinity of a PE based on
the polymer matrix, PEO, is the addition of nanoscale inorganic fillers such as
Ti0O,, SiO,, and ALO,, or organic plasticizers such as ethylene carbonate (EC)
(CsHOs) or, dimethylfomamide (DMF; (CH;),NC(O)H)) [14, 37-45]. These inert
fillers are added to increase the volume fraction of the conductive amorphous
phase. The addition to polymer films of inert fillers such as B-alumina, y-LiAlO,,
etc. [41, 45] has also been pursed, to improve the ion conductivity, and the elec-
trochemical, or mechanical properties. Notably, PEs-containing nanoparticles
(named polymer composite electrolytes (PCE or CE)) exhibit better mechanical
strength, higher ion conductivity, and better interfacial stability with the lithium
anode. Furthermore, it has been reported that the interface between lithium and
(CEs) is more stable and efficient during cycling in comparison with the filler-free
electrolytes [14].
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The recent interest in PCEs containing layer-structured nanoparticles, such as
montmorillonite (MMT; (Na,Ca)o33(Al,Mg),(Si4010) (OH), - nH,0)) and Mobil crys-
talline material-41, MCM-41 (MCM is the initial name given for a series of mes-
oporous materials that were first synthesized by Mobil’s researchers in 1992;
MCM-41 is Mobil Composition of Matter No. 41), has risen from the fact that such
PCEs exhibit a dramatic increase in tensile strength, heat resistance, and solvent
resistance, as well as, a decrease in gas permeability. All these properties are desir-
able in electrolytes for rechargeable batteries [46-48] and are attributed to the
addition of nanoparticles.

In the present study, various additives such as 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIBF,), organically modified montmorillonite (OMMT), Li-
exchanged MMT (Li-MMT), and mesoporous silicate (MCM-41) are, respectively,
introduced into conventional PEO/LiX CEs. In this view, the effects of additive
content on the microstructure and electrochemical properties of the PE are studied.
The ionic conductivity at ambient and high temperatures is also analyzed. Fur-
thermore, the electrochemical properties, such as the ion transference number
and the electrochemical voltage window limit for PE stability, are investigated.

7.2
Background

7.2.1
Li-lon Liquid Electrolytes

Besides the electrodes, the electrolyte, which commonly refers to a solution com-
prising of salts and solvents, constitutes the third key component of a battery.
Although the role of the electrolyte is often considered trivial, its choice is actually
crucial, and is based on the criteria that differ depending on whether we are
dealing with polymer or liquid-based Li-ion rechargeable batteries. For instance,
working with a highly oxidizing (>4V vs Li/Li*) positive electrode material for
Li-ion batteries requires electrolyte combinations that operate well outside their
window of thermodynamic stability (3.5V). This is the reason why early workers
in the field ignored very positive cathode materials. But fortunately this electrolyte
stability is kinetically controlled, enabling the use of nonaqueous electrolytes at
potentials as high as 5.5V. Similarly, the use of a polymer rather than a liquid
electrolyte adds further selection criteria linked to the electrochemical stability of
the polymer. There are numerous liquid solvents available, each with different
dielectric constants and viscosity, and we can select specific solvents to favor the
ionic conductivity of the electrolyte. In contrast, there are only a few Li-based salts
or polymers to choose from, the most commonly used ones being based on PEO.
The results from research efforts aimed at counterbalancing this deficit have led
to the present level of research and development on electrolytes.

Guided by general concepts of viscosity and dielectric constants, optimizing the
ionic conductivity of a liquid electrolyte is almost like a field-trial approach with
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the hope of finding the key ingredients. For instance, only ethylene carbonate
(C;H,05) can provide the ad hoc protective layer on the surface of graphite anodes
that prevents further (continuous electrolyte reduction and self-discharge). Ethyl-
ene carbonate is, therefore, present in almost all commercial compositions of
Li-ion cells, thinned with other solvents owing to its high melting point. Why the
homologous propylene carbonate (PC; C,H¢O;) is unsuitable for this protective
layer remains an open question, reminding us that chemistry has its secrets.

The present arsenal of solution components that can be produced at high
enough purity and reasonable prices includes three families of solvents — namely,
ethers, esters, and alkyl carbonates — and salts. Among them, alkyl carbonate
solvents are most widely used in Li-ion cells.

The key features of electrolyte solutions for battery application are as follows:

1) Evaluation of transport properties — what influences conductivity and what
parameters should be measured in order to evaluate the solvents properly.

2) The electrochemical stability, that is, the electrochemical window.

3) Temperature range of operation.

4) Safety features.

In general, high solvent polarity usually goes together with strong solvent—
solute interactions. This not only means good solubility, but also high viscosity
and high friction for ionic mobility. Hence, mixtures of solvents of high polarity
and high viscosity with solvents of low polarity and low viscosity may provide
optimal conductivity of Li salts (e.g., alkyl carbonates plus ethers or esters). In this
respect, the salt concentration should also be optimized, since too high a salt
concentration means a high concentration of charge carriers, but also strong
solvent—solute and solute-solute interactions that may be detrimental to high
conductivity.

The study of the electrochemical windows of the Li-ion battery electrolyte solu-
tions has concluded that

1) The order of oxidation potentials is alkyl carbonates > esters > ethers. The
oxidation of the solvents is usually the limiting anodic reaction.

2) In fact, even solvents of apparent relatively high anodic stability, such as alkyl
carbonates, undergo slow scale anodic reactions on noble metal (Au, Pt)
electrodes at potentials below 4V versus Li/Li*. Nevertheless, these solvents
are stable with 4V cathodes (LiNiO, LiCoO,, LiMn,0,, etc.), whose charging
potentials may reach 4.5V (Li/Li*), due to passivation phenomena. The
commonly used 4V cathodes react with solution species and become covered
by surface films. These surface films seem to inhibit massive solvent oxidation
at potentials below 4.5V. Consequently, alkyl carbonate solutions may be
stable with cathode materials at potentials as high as 5V. Any negative
electrode that operates at potentials below 1.5V (Li/Li*) should react with the
solution species present in the electrolyte and become covered by a surface
film, termed solid electrolyte interface (SEI; see Section 6.2) that is comprised
of insoluble Li salts. Hence, Li or Li-C electrodes are obviously covered by
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surface films and should be defined as SEI electrodes. Therefore, negative
electrodes that operate at potentials >1.5V (e.g., Li,TiO, compounds) may not
be controlled by surface films. This SEI layer is protective of the electrode, but
at the same time, if it becomes too thick it inhibits Li-ion diffusion.

3) A high oxidation potential requires a high oxidation state of the solvents’
atoms and is good for the cathodes, for example, alkyl carbonate solvent liquid
electrolytes. However, the high oxidation state of the solvent atoms means
high reactivity at the negative side. As a result, with highly reactive anodes,
such as Li metal-based systems, low oxidation state solvents/systems (e.g.,
ethers, PEO derivatives) should be used. This means a penalty on the positive
side: with electrolytes containing ethers/PEO derivatives one cannot use 4V
cathodes. Thus, with Li metal-based systems, cathodes, such as V,0s5, MV,0;
(M = Na, Ca), 3V Li,MnO,, should be used, which are compatible with ethers
and PEO derivatives.

The major challenges in R&D of improved electrolyte solutions for Li-ion bat-
teries are to obtain high anodic stability for 5V systems to improve low tempera-
ture conductivity and high temperature performance with minimal capacity-fading,
and to improve safety features, meaning no thermal runaway reactions and no
flammability. The key behavior factor is the electrodes’ surface chemistry: good
passivation at a wide temperature range. In the case of electrolytes, there are sug-
gestions for new salts, for example, a combination of LiPF, + LiPF; (CF,CF;) 5 is
promising (surface and solution bulk effect), as well as the new LiBOB salt (it is
solid state but soluble in organic solvent).

The easiest, cheapest, and most effective route for the improvement of the cur-
rently used electrolyte solutions is the use of surface-active additives. However, it
is important to carry out reliable tests for new solutions. Tests at elevated tempera-
tures and measurements of self-discharge currents during storage are believed by
the authors to be a suitable basis for the selection of new additives that improve
the electrode/solution interactions.

7.2.2
Why Polymer Electrolytes?

A variety of reasons have been advanced for using polymer electrolytes in lithium
batteries. These include increased safety, higher specific energy and energy
density, greater flexibility in packaging, and lower cost.

The argument to support increased safety is more historical than real. The
early problems with rechargeable cells using pure lithium metal anodes lead to
a considerable amount of weight that resulted from coating the metal electrode
with a polymer to protect it from rapid reaction. The introduction of the carbon
anodes, however, has reduced the safety concern related to the build-up of very
reactive lithium metal deposits during cycling. Nonetheless, a PE does provide
reduced probability of shorting and less combustible materials compared to the
liquid electrolyte cell.
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The reason for higher specific energy and energy density is less mass and less
volume; however, this can only be realized if the polymer electrolyte is thinner
than the currently used separators in liquid electrolyte cells. This means that the
polymer must have a thickness below 50um. Only with polymer electrolytes
formed in situ have practical procedures been demonstrated for building cells with
very thin electrolytes.

All commercial rechargeable batteries and most primary batteries are marketed
in rigid packages. A flexible, prismatic package offers considerable, and potentially
important, opportunities. This is the promise of polymer electrolytes; however, yet
to be demonstrated are long-lived multilayer flexible packages offering a wide
variety of designs. One possibility of the “dry” polymer electrolytes is practical
bipolar constructions.

A feature of the polymer electrolyte technology is laminar construction. This
introduces the concept of cell construction by thin film or coating processes
adopted from technologies such as those found in the paper industry. The vision
is of large scale, automated equipment able to carry out continuously the opera-
tions of laminar construction, cut, and package in high volume. Such processing
appears to provide major cost savings over present cell and battery assembly
operations.

7.2.3
Metal lon Salts for Polymer Electrolytes

The metal ion salts can be used in electrolytes for fabricating electrochemical
devices, including primary and secondary batteries, photoelectrochemical cells,
and electrochromic displays. The salts have a low energy of dissociation and may
be dissolved in a suitable polymer to produce a polymer solid electrolyte or in a
polar aprotic liquid solvent to produce a liquid electrolyte. The anion of the salts
may be covalently attached to polymer backbones to produce polymer solid elec-
trolytes with exclusive cation conductivity.

The ion conductivity of electrolytes is related to the ability of the anion and the
cation to dissociate. A low level of ionic dissociation leads to extensive ion pairing
and ion clustering and lower conductivity. This effect is most pronounced in
polymer electrolytes, because polymers have lower dielectric constants and a lower
degree of ion complexation than polar aprotic liquid solvents typically used to
produce liquid organic electrolytes. In addition to facile ionic dissociation, the
electrolytes must have a high degree of thermal, chemical, and electrochemical
stability.

Lithium salts that have been used to produce electrolytes for electrochemical
devices have generally been selected from LiClO, LiBF, LiAsF, LiPF;, and LiSO;CF;.
Many of these salts are unstable or produce polymer electrolytes with relatively
low conductivity. Therefore, a new class of lithium imide salts with structure
LiN(SO,CF;), has been introduced recently. The delocalized anionic charge facili-
tates dissociation of the ion pair leading to a high ionic conductivity both in liquid
and polymer solid media. A methide analog lithium salt with the composition
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SO,CF, SO,CF,4
oM

SO,CF; SO,CFs
0,SF4C

oM O,SF3C oM

Figure 7.3 Metal ion salts with anion structure (M: Li, K, Na).

LiC(SO-CF;); with similar properties to the imide salts has also been introduced
[49].

None of the above described salts allow covalent attachment to polymer back-
bones to produce polymeric ion conductors with exclusive cationic conductivity.
Exclusive cationic conductivity is advantageous for electrolytes in electrochemical
devices, such as batteries, as the deleterious opposing voltages produced by the
counter moving anionic charges are thereby eliminated. This leads to cells that
operate at higher currents and have a higher power. In contrast to the imide and
methide salts described above, the lithium salts allow covalent attachment to
polymer backbones.

It is apparent that in applications using polymer solid electrolytes, for example,
a secondary lithium battery, it would be preferable to have no anion migration.
Counter moving anions lead to polarization of the cell and a reduced power output.
Accordingly, it is a primary object of the present chapter to provide a class of
lithium salts, which allow covalent attachment of the anions to polymer backbones
to produce polymer electrolytes with exclusive cation conductivity.

The metal ion salts are based on mononuciear or condensed aromatic moieties
that have covalently attached to them one or more electron withdrawing groups
of the formula SO,CF; and one or more hydroxy, amino, or imino groups capable
of salt formation and conjugated with SO,CF; substituent through the aromatic
n-electron system. The anionic charge of such conjugated ionized hydroxy, amino,
or imino groups is delocalized over the whole r-electronic structure of the aromatic
moiety. This delocalization effect is the key to the low lattice energy of the salts
and the facile dissociation of the cation from the anion. In particular, the delocal-
ized nature of the anionic charge results in facile dissociation of lithium salts
resulting in high ionic conductivity. The chemical structures of several representa-
tive examples of metal ion salts are shown in Figure 7.3, where M is a metal ion,
such as Li, Na, K.

7.3
Preparation and Characterization of Polymer Electrolytes

Now that the importance of polymer electrolytes has been described, various PE
candidates will be described. First their fabrication procedure will be given and
then their materials characterization.
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7.3.1
Preparation of Polymer Electrolytes

7.3.1.1 Molten-Salt-Containing Polymer Gel Electrolytes

The polymer gel electrolytes (PGEs) are prepared using PEO (M,,: 2.0 X 10°, manu-
factured by Aldrich), EC (Aldrich), and 1mol of LiBF, with a weight ratio of
PEO:EC of 6:1 with the addition of varying weight contents of EMIBF, (C-TRI
Co. Ltd., Korea). The PEO is dissolved in acrylonitrile (AN, Junsei Chemical,
Japan) followed by the addition of appropriate amounts of EC, LiBF,, and EMIBF,
at 2h intervals and stirring for 24h at 50°C. The heterogeneous mixtures are
poured onto glass plates and evaporated slowly at 40°C in a vacuum oven.

7.3.1.2 Organic-Modified MMT-Containing Polymer Composite Electrolytes

In the preparation of the PCE, PEO (M, 2.0 x 10°, Aldrich), EC (Aldrich), LiClO,
(Aldrich Co. Ltd.), and montmorillonite (MMT) as inorganic fillers are used. MMT
can be described as M,(Al,.Mg,)SisO,(OH),, where M is the monovalent cation
and x is the degree of substitution. Na*-MMT-type layered silicate clays are avail-
able as micron size tactoids, which consist of several hundred individual particu-
lates. They are held together by an electrostatic force with a gap of ~0.3 nm between
two adjacent particles. The Na-MMT and organically modified MMT (named as
OMMT) (Cloisite 20A, 25A, 30B or MMT-20A, MMT-25A, MMT-30B) supplied by
Southern Clay Products (USA), are used as fillers without purification.

The PEO and LiClO, are dried in a vacuum oven for 24h at 50°C and 120°C,
respectively. The preparation of the PCE films first involved the dissolution of
the PEO in acetonitrile and then the addition of EC. The solution is agitated
for 3h at 40°C to completely mix the PEO and EC. The weight ratio of EC to
PEO was fixed at 1:4. Then, 1M of LiClO, is added to the solution. After 1h
agitation, 10wt.% Na-MMT or various MMTs are added to the mixtures, after
which another agitation is sustained for 24h at 50°C. The mixtures are then
poured into Teflon plates and evaporated slowly at 40°C in a vacuum oven to yield
the PCE films.

7.3.1.3 lon-Exchanged Li-MMT-Containing Polymer Composite Electrolytes

The ion-exchanged Li-MMT is prepared by replacing the sodium cations of the
MMT clays with lithium cations. The cation-exchange capacity of the sodium
montmorillonite (Na-MMT) was 1.54meq/g. Two grams of Na-MMT were dis-
persed in 1M of lithium chloride solution. The solution was stirred for 2 days to
replace the sodium with lithium cations and then centrifuged to separate the
Li-MMT from the supernatant containing the excess ions. The mixtures were
stirred vigorously for 8h, centrifuged, and then washed with deionized water until
no chloride ions were detected with 0.1M of AgNO; solution. The modified
Li-MMT was dried in a vacuum oven at 60°C for 24 h.

The PCE was prepared using PEO (M, 2.0 x 10°, Aldrich), EC (Aldrich), and
0.5M LiClO, in a weight percentage (PEO:EC = 2:1) with different weight con-
tents of Li-MMT. The PEO was dissolved in acrylonitrile followed by the addition
of appropriate amounts of EC and Li-MMT at 2h intervals and stirring for 24h at
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50°C. The heterogeneous mixtures were poured onto glass plates and evaporated
slowly at 40°C in a vacuum oven.

7.3.1.4 Mesoporous Silicate (MCM-41)-Containing Polymer Composite Electrolytes
MCM-41, a kind of mesoporous silicate, was synthesized following the procedure
of Ryoo and Kim [50]. A sodium silicate solution with an Na/Si ratio of 0.5 was
prepared by combining 46.9g of 1.0M NaOH solution with 14.3g of a colloidal
silica, Ludox HS40 (Du Pont), and heating the resulting gel mixtures while stirring
for 2h at 353 K. This solution was dropwise added to an aqueous NH; solution
and 20.0g of 25wt.% hexadecyltrimethylammonium chloride (HTACI) solution
(Aldrich). The mixtures were heated to 370K for 24h and then cooled to room
temperature. The pH of the reaction mixtures was adjusted to 10.2 by the addition
of 30wt.% acetic acid. The mixtures were heated again to 370K for 24h. The above
pH adjustment and heating were repeated two more times. The precipitated
product was filtered and washed with distilled water and dried in an oven at 370K.
The product was calcined in air using a muffle furnace to remove the HTACI
template. The temperature was increased from room temperature to 770K over
10h and maintained at 770K for 4h. The final product yield based on silicate
recovery was 88%.

PCE was prepared using PEO (M,: 2.0 x 10°, Aldrich) and LiClO, (Aldrich)
(mixing ratio: P(EO),~LiClO,) with different weight contents of MCM-41. The
PEO was dissolved in acrylonitrile followed by the addition of appropriate amounts
of LiClO, and MCM-41 at 2h intervals and stirred for 24h at 50°C. The mixture
solution was poured onto glass plates and evaporated slowly at 40°C in a vacuum
oven.

The microstructure and properties of each of the aforementioned PEs will be
described in detail in the separate subsections that follow.

732
Characterization of Molten-Salt-Containing Polymer Gel Electrolytes

7.3.2.1 Morphologies and Structural Properties

The morphology of the PEO films was studied by scanning electron microscopy,
SEM, (JEOL JSM-840A SEM/LINK system AN-10000/85S Energy Dispersive
X-Ray Spectrometer) and transition electron microscopy, TEM, (A Philips CM-20)
measurements. The accelerating voltage of the TEM was 160kV.

Figure 7.4 shows SEM images of the PGE films containing various EMIBF,
contents. In the case of the (a) sample, that is, a PEO/EC/LiBF, film containing
no EMIBF,, a rather homogeneous morphology is shown, except for some pores
and some white spots probably related to the existence of salt species. By increas-
ing the EMIBF, content from 0.1 to 0.3mol, the film morphology was changed.
First of all, some of the pores, which could have been defects in the electrolyte
film, disappeared in the cases of (c) and (d). This suggested that the film compact-
ness had been improved and that the defects had been removed by adding the
EMIBF, molten salts. Besides, the white spots and lines were made more promi-
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Figure 7.4 SEM images of PGE containing (a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 mol of EMIBF,.

nent by increasing the EMIBF, content. This implied that the additional molten
salt introduced into the PGE films was enough so as to induce the precipitation
of the Li salt and molten salt rich phases, resulting in the rather heterogeneous
film morphologies.

The X-ray diffraction (XRD) patterns of the PE as functions of the additive con-
centration were obtained with a Rigaku Model D/MAX-III B diffraction-meter
equipped with a rotation anode and using CuK,, radiation. The interlayer spacing
of the PE containing the additives was determined by the XRD peak, using the
Bragg equation

A =2dsin® (7.1)

where ) corresponds to the wavelength of the X-ray radiation (1.5405 A), d corre-
sponds to the interlayer spacing between the diffractional lattice planes, and 0 is
the measured diffraction angle.

Figure 7.5 displays the crystallinity changes in the electrolytes of varying molten
salt contents obtained by XRD. The characteristic diffraction peaks of the PEO
crystalline phase are apparent between 26 = 15° and 30° [51, 52]. In comparison
to the pristine PEO sample, the diffraction peaks of the PGE containing EC and
LiBF, became considerably smaller and less prominent, reflecting the decreased
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Figure 7.5 X-ray diffraction patterns of (a) pristine PEO and PGE containing (b) 0, (c) 0.1,
(d) 0.2, and (e) 0.3 mol of EMIBF,.

crystallinity. With the gradual addition of the additional salt to the PEO/EC system,
the intensities of the characteristic peaks proportionally decreased, reaching the
lowest value at a content of 3 mol. The change in the crystalline structure was also
studied by means of the thermal characterization of Differential scanning calor-
imetry (DSC).

7.3.2.2 Thermal Properties

Differential scanning calorimetry studies were performed in the 30-125°C range
with a Perkin Elmer (DSC 6 series) system, at a heating rate of 5°C/min and with
purging nitrogen gas. Thermogravimetric analysess (TGA) were performed on the
PCE using a Du Pont TGA-2950 analyzer to investigate the thermal degradation
behaviors from 30°C to 600°C at a heating rate of 10°C/min in a nitrogen
atmosphere.

Figure 7.6 shows the DSC results for the pristine PEO and PEO/EC containing
varying concentrations of additional salt. The endothermic peaks at the melting
temperature (T,,), attributed to the melting of the PEO-rich crystalline phase,
weakened and shifted to lower temperatures with an increase in the EMIBF,
content to 0.2mol. The PGE showed endothermal peaks due to the melting of the
crystalline domain with increasing temperature. The curves moved to a low-tem-
perature region as a result of the addition of EMIBF,. It was found that the melting
temperature of crystalline PEO was around 51-56°C, which was slightly degraded
when the content of EMIBF, was increased. Also, the PGE crystallinity was
decreased with the addition of increasing amounts of EMIBF,. Consequently, it
could be stated that the presence of EMIBF, improved the ionic conductivity of
the PGE by slightly decreasing the PGE crystallinity [53, 54].
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Figure 7.6 DSC curves of (a) pristine PEO and PGE containing (b) 0, (c) 0.1, (d) 0.2, and (e)
0.3 mol of EMIBF,.

Table 7.2 DSC data for PGE containing various EMIBF, concentrations.

EMIBF, concentration Melting temp., Heat of fusion, Crystallinity,
(mol) Tw (°C) AH;()/g) X (%)

Pure PEO 70.1 189.9 -

0 55.1 61.2 32.2

0.1 54.1 56.3 29.6

0.2 53.4 53.1 27.9

0.3 51.1 51.5 27.1

Both the XRD and DSC studies indicated that the PEO crystallinity was dimin-
ished by EC, and diminished slightly further by the addition of EMIBF,. The
melting temperature, heat of fusion, and relative crystallinity values are listed in
Table 7.2. The PEO itself shows a heat of fusion of 189.9]/g, and the PEO/EC
(6:1) without a filler gives a heat of fusion of 61.2]/g, the estimated crystallinity
being 32.2%. This indicates that EC can reduce the crystallinity of PEO by means
of plasticizer effects. With the increase in the filler content to 0.3mol, the T,
gradually fell to 51.1°C, and the crystallinity fell to the smallest value, 27.1%.

Figure 7.7 shows TGA graphs for PGE as functions of additional salt content.
Graph (a) shows the thermogravimetric data for the pristine PEO/EC/1mol of
LiBF, film. Up to 320°C, there was no distinct weight reduction, indicating good
thermal film stability in this temperature range. However, there is an inflection
point at ~300°C, reflecting the degradation of the polymer main chain. The weight
loss decelerates from 320°C to 350 °C and stabilizes at 400 °C, with 24 wt.% EMBF,
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Figure 7.7 TGA graphs of PGE containing (a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 mol of EMIBF,.

remaining. In the case of the (b) curve, the composite containing 0.1mol of
EMIBF, showed an abrupt decreasing tendency at ~300°C. From 320°C to 400°C,
sample (b) showed a higher weight than sample (a), indicating that the thermal
stability was improved by adding additional molten salts. Sample (c) showed an
abrupt decay at ~300°C to 50 wt.% EMBF,, after which it decayed to 24 wt.% EMBF,
until the temperature reached 400 °C. Finally, sample (d) showed a similarly abrupt
decay at ~300°C, to 50wt.% EMBF,, after which it slowly decayed to 24 wt.%
EMBF, until the temperature reached 400°C.

7.3.2.3 Electrochemical Properties
Impedance spectroscopy was used to determine the ionic conductivity of the PGE.
The measurements were carried out at the 1 MHz to 1Hz frequency range. The
conductivity (o) was measured by sandwiching the PGE films between the stain-
less steel electrodes and calculated from the bulk resistance (R;), which was deter-
mined by equivalent circuit analysis software:
1_RA o)
o t
where t is the film thickness and A the film area.
The Li transference number, t;, was determined using a method combining dc
polarization and ac impedance measurements, which has been reported in [55].
The equation being

_Is(AV -IoRo)
Io(AV —IRs)

+
Li

(7.3)
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Figure 7.8 Impedance plots of PGE containing (a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 mol of
EMIBF,.

where [ is the dc current and R, and R, are the resistances of the passivation film
formed onto the metallic lithium electrodes during the measurement. The sub-
scripts o and s indicate the initial and steady states, respectively.

The current and resistance were measured using a potentiostat/galvanostat
from AUTOLAB/PGSTAT30 (Eco Chemie, the Netherlands) and a Solatron 1260
Impedance Analyzer. The sample was sandwiched between two stainless steel
disks with 0.5 mm-thick Li foils employed as nonblocking electrodes. A Li/PE film/
Li cell was introduced into a coffee bag. The entire process was carried out in an
argon-gas-filled glove box (M-Braun Lab Master 130), which was <1 ppm water and
oxygen. Linear sweep voltammograms were taken at a scan of 10mV/s, using the
above-mentioned sandwiched samples.

In order to achieve commercial application feasibility, studies on the effects of
the addition of specific amounts of molten salts on the ion-conducting behavior
of the PGE systems were carried out.

Figure 7.8 shows the impedance plots versus molten salt contents for the PGE
at 25°C. An increase in the conductivity, as indicated by the decreased semicircle
sizes in the higher frequency region, was achieved by adding molten salt. The
maximum ion conductivity (i.e., the smallest semicircle on the impedance plot)
was achieved at a content of 0.2mol. When the EMIBF, was increased beyond
0.2mol, the conductivity decreased slightly from the maximum value. It could be
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Figure 7.9 Room-temperature ion conductivity versus EMIBF, concentration (mol) for PGE.

concluded that the addition of the optimum EMIBF, content (0.2mol) provided
the most suitable environment for the ionic transportation and, thereby, achieved
the highest conductivity. It was considered that the ion mobility of the PGE was
enhanced due to the decreased crystallinity and beneficial features of the EMIBF,
in comparison with those of the pristine electrolyte.

Figure 7.9 displays the ionic conductivity for the PGE as a function of the addi-
tional EMIBF, content. The conductivity increases with increasing EMIBF, content,
and attains the maximum value, 3.1 x 10™*S/cm, when the EMIBF, concentration
is 0.2mol. This is about five times the value, 6.1 x 10~ S/cm, for the PEO/EC-LiBF,
electrolytes. Subsequently, the ionic conductivity decreases slightly as the EMIBF,
content increases beyond 0.2mol. This decrease in the conductivity is mainly due
to the decreased ion mobility; reflecting an increased PGE viscosity brought about
by the high molten salt contents. The above DSC results imply, though, that the
crystallinity is slightly decreased by addition of EMIBF, contents of up to 0.3 mol.
However, the PGE with a content of 0.3 mol does not show the maximum conduc-
tivity. Hence, the change in ionic conductivity probably is not solely dependent on
the crystalline structure change, but is also dependent on the ion mobility or
interaction with the polymer chain or solvent species.

To examine the thermal dependence of the ionic conductivity of the PGE, AC
impedance techniques were performed for the various PGEs at temperatures
varying from 25°C to 80°C. The ionic conductivity changes as a function of
EMIBF, content at those temperatures as shown in Figure 7.10. In the case of the
PGE without molten salt, the ionic conductivity of the PGE increased, exhibiting
a high-degree slope from 25°C to 60°C. After that point, the conductivity curve
slope had been lowered until 80°C. In the case of the PGE with a content of
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Figure 7.10 lon conductivity versus 1000/T for PGE containing (a) 0, (b) 0.1, (c) 0.2, and (d)

0.3 mol of EMIBF,.

0.1mol, the conductivity increased gradually with a rather low-degree slope, com-
pared with that of the above sample. The conductivity slope increase also changed
abruptly at 60°C. After that point, the conductivity behavior as a function of tem-
perature was similar to that of the above sample. The PGE with a content of 0.2 mol
EMIBEF,, which had the highest conductivity at room temperature, also showed a
similar conductivity increase as a function of temperature and a slope change at
60°C. Finally, the PGE with the content of 0.3 mol, which had a slight decrease in
conductivity compared with the PGE with the content of 0.2 mol, showed a change
of slope at a lower temperature of 65°C.

For all of the PGE systems, the conductivity increased with increasing the tem-
perature. A characteristic slope-change in the data was seen close to the polymer
melting point, at almost 60°C. Two regions, above and below the PEO melting
point (T,,), were apparent. In both regions, the conductivity slowly increased with
temperature, but a sudden slope change was observed across the melting point.
According to previous reports, the change of conductivity with temperature was
due to polymer segmental motion [56, 57]. The segmental motion either permits
the ions to hop from one site to another, or provides necessary voids wherein the
ions can move. Considering the above results, together with the DSC results, the
ionic conductivity was influenced not only by the crystalline structure change but
also by the ion mobility or interaction. In the case of the 0.2mol EMIBF, content,
it was possible that the interaction between the salts and the polymer matrix com-
menced, by which the ionic conductivity was enhanced. This could be attributed
to the diminishment of the dilution effects of the lithium ions and the increment
of the lithium ion transference rate.
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Figure 7.11  Lithium transference number of PGE as a function of the EMIBF, content.

The Li-ion transference number, tf;, is one of the most important parameters
for rechargeable Li-polymer batteries. A relatively high t; can diminish the con-
centration gradients in the battery and thereby ensure battery operation under
high-rate charge/discharge processes. Figure 7.11 shows the ion transference
numbers for the various PGEs. In the case of the pristine PEO/EC/LiBF,, the Li
ions could interact not only with the ether oxygen in the PEO, but also with the
BF,, after which its transference capability was restricted, resulting in a low trans-
ference value (~0.48) [13]. For the PGE-containing EMIBF,, the Lewis acid sites
such as imidazolium cataion of the large-volume EMIBF, could interact with the
oxygen elements in the PEO and BF; (Lewis base), and hence weaken the interac-
tions between the PEO or salt and the Li ions. This tendency was similar to the
one of additional general inorganic fillers, such as SiO, and Al,O; to slightly
increase the t; through the well-known Lewis acid-base interactions [58, 59]. As
a result, additional free Li ions are released, and t; is enhanced. By increasing the
EMIBF, content to 0.2mol, the 4 is increased to ~0.65. This phenomenon might
be explained by the increased degree of Lewis acid—base interactions between the
polymer and EMIBF,. The PGE with an EMIBF, content of 0.3 mol showed a
slightly decreased t; value, 0.58. This indicated that the above interaction was
diminished by the heterogeneous morphology attendant on the decreased ion
mobility.

Figure 7.12 shows the linear sweep voltammograms for the pristine PEO/EC/
LiBF, and EMIBF, salt-containing PGE. The irreversible onset of the current can
be defined as the electrolyte breakdown voltage. The pristine sample shows a
breakdown voltage of about 3.7V versus Li. With the increase in the EMIBF,
content, the PGE shows a linearly increased breakdown voltage. In the case of a
content of 0.3 mol of EMIBF,, the breakdown voltage extends to 4.5V — a result of
the interaction between EMIBF, and the PEO chains. It could be concluded that
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Figure 7.12 Linear sweep voltammograms of PGE as a function of the EMIBF, content.

the stable electrochemical window could be extended to 4.5V versus Li by adding
0.3mol of molten salt. The voltage limit was enhanced proportionally to the
EMIBEF, content. This tendency was somewhat different from the conductivity
dependency on the molten salt content. In other words, the stable electrochemical
voltage limit was solely dependent on the effect of the molten salt itself.

7.33
Characterization of Organic-Modified MMT-Containing Polymer
Composite Electrolytes

Here three kinds of organic-modified MMT (OMMT) will be described, each of
which varies from the rest according to the alkyl lengths and positions of the alkyl-
ammonium functional group. Cloisite 20A (MMT-20A, MMT modified with a
quaternary ammonium salt) was expected to have a large molecular volume size
due to the two bulky groups of hydrogenated tallow (HT). Cloisite 25A (MMT-25A)
has one bulky group of HT and a rather short-length alkyl group. Cloisite 30B
(MMT-30B) has one bulky group of tallow and two short ethyl alcohol groups. The
materials characterization was performed in the same manner as for the PEs of
Section 7.3.2 above.

7.3.3.1 Morphologies and Structural Properties

Figure 7.13 shows the XRD patterns of (a) PEO/LiClO,, and PCE containing (b)
10wt.% Na-MMT, (c) 10wt.% MMT-20A, (d) 10wt.% MMT-25A, and (e) 10wt.%
MMT-30B in the 26 = 2-10° region. Pristine PEO/LiClO, had no characteristic
peak in this region. Each PCE pattern had one peak, at 26 = 6.56, 3.69, 3.82, and
4.07°, respectively. These peaks were assigned to the (001) lattice spacing of the
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Figure 7.13  XRD patterns of (a) PEO/LICIO, and PCE containing 10wt.% (b) Na-MMT, (c)
MMT-20A, (d) MMT-25A, and (¢) MMT-30B.
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Figure 7.14  d-spacing lengths of (A) filler materials and (B) PCE containing fillers of (a)
Na-MMT, (b) MMT-20A, (c) MMT-25A, and (d) MMT-30B.

MMT. As a result of the OMMT introduction, the d-spacing was largely enhanced
compared with Na-MMT. However, each modified-filler-containing PCE showed
a doy peak, indicating that the layered MMT platelets had not been completely
exfoliated (or delaminated) and had sustained the stacked structure with an
expanded spacing.

Figure 7.14 illustrates the d-spacing length of the PCE for the different kinds of
alkyl-ammonium modified MMT. Graph (A) shows the d-spacing lengths of the
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Na-MMT, MMT-20A, MMT-25A, and MMT-30B, respectively. Among the samples,
MMT-20A showed the highest d-spacing value owing to the large molecular
volume of the dehydrogenated tallow functional group. Graph (B) shows the d-
spacing lengths of the respective fillers after fabricating the PCE with PEO. The
d-spacing lengths were increased, indicating that some parts of the polymer chain
had been intercalated into the MMT interlayer. The PCE containing MMT-20A
showed the highest d-spacing length, 25.5 A, whereas the PCE containing Na-MMT
showed the lowest, 11.6A. Furthermore, in the cases of (c) MMT-25A and (d)
MMT-30B, the increased d-spacing length was rather large compared with that of
the other samples, reflecting the fact that more of the polymer chain could be
attracted and penetrated into the interlayer galleries.

Figure 7.15 shows the TEM results for the PCE containing (a) Na-MMT, (b)
MMT-20A, () MMT-25A, and (d) MMT-30B. It is noticed that the qualitative
OMMT d-spacing changes after preparation of the PCE. PCE/Na-MMT (a) showed
the stacked platelet morphology of MMT. In the case of MMT-20A (b), the PCE
showed rather expanded layered platelets compared with (a). It could be concluded
that the MMT had not been fully exfoliated, which was confirmed by the existence

Figure 7.15 TEM images of PCE containing 10wt.% fillers of (a) Na-MMT, (b) MMT-20A, (c)
MMT-25A, and (d) MMT-30B (scale bar: 20nm).
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Figure 7.16  XRD patterns of (a) pure PEO, (b) PEO/EC/LIClO, and PCE containing 10wt.%
(c) Na*-MMT, (d) MMT-20A, (¢) MMT-25A, and (f) MMT-30B.

of the dyy peak in the previous XRD data, as shown in Figure 7.13. PCE/MMM-
25A (c) manifested the stacked platelet morphology of MMT, in which the inter-
layer spacing length was decreased in comparison with that of MMT-20A (b). PCE/
MMT-30B (d) also showed the stacked morphology and the gap spacing was
smaller than that of MMT-20A. In conclusion, these TEM studies, performed by
the authors, confirmed that the d-spacing of MMT in PCE was enhanced and
changed by using a different organic modifier. As shown in the TEM images, the
MMT or OMMT was dispersed homogenously in the polymer matrix. Of course,
some of the MMT existed as delaminated or exfoliated layers. However, most of
the MMT layered-structures were well stabilized and somewhat expanded by
organic modifiers or polymer chain intercalation. This expanded OMMT brought
the modification of the microstructure of the PCE.

Figure 7.16 illustrates the wide-range XRD patterns of the various PEO/OMMT
PCEs. These results showed the PCE crystallinity changes for different OMMT
species. The characteristic diffraction peaks of the PEO crystalline structure were
apparent between 26 = 15° and 30°. These diffraction peaks became broader and
less prominent with the various MMT additions, resulting in decreased crystallin-
ity. By adding OMMT to the PEO/LiClO, system, the intensities of the character-
istic peaks were decreased, the lowest value corresponding to MMT-20A.

7.3.3.2 Thermal Properties

The thermal parameters of the PCE, that is, the melting temperature and the heat
of fusion (AH) are shown in Figure 7.17. PEO containing Na-MMT showed
decreased melting temperature (T,, = 52.4°C) and heat of fusion (AH;= 82.4]/g);
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Figure 7.17 Thermal parameters of pristine PEO/LICIO, and PCE containing 10wt.%
Na*-MMT, MMT-20A, MMT-25A, and MMT-30B.

the corresponding values of pristine PEO are T, = 54.6°C, 99.9]/g, meaning that
the Na-MMT was effective in reducing the crystallinity of the PEO. By employing
OMMT, the T,, and crystallinity of the PCE were effectively reduced further than
those of the PCE containing Na-MMT. The lowest melting temperature (47.5°C)
and heat of fusion (62.5]/g) were obtained for the PCE containing MMT-20A.
Considered with the previous XRD results, the DSC studies indicated that the PEO
crystalline structure had deteriorated and that the reduced crystallinity was depend-
ent on the d-spacing of the OMMT. As a result, the interlayer spacing of the MMT
was enhanced by using organic modifiers that had a large molecular volume. It
was thought that the expanded MMT layer silicates might interact effectively with
a polymer chain. By increasing the filler-matrix interaction, the PCE film morphol-
ogy or crystalline structure changed. The filler effect was enhanced by the expanded
MMT by controlling the organic modifiers.

7.3.3.3  Electrochemical Properties

Figure 7.18 shows the conductivity for the PCE containing various types of MMT
at 25°C. The highest ion conductivity, 6.1 x 10™*S/cm, was observed for MMT-20A.
This was about triple the value, 2.2 X 10™*S/cm, of PEO/Na-MMT, indicating that
the ion conductivity of the PCE was enhanced by increasing the interlayer spacing
of the MMT clay.

Figure 7.19 shows the impedance plots versus MMT contents for the PEO/
MMT-20A PCE at 25°C. An increase in the conductivity, as indicated by the
decreased semicircle in the higher frequency region, was achieved by adding a
small quantity of the OMMT. The maximum ion conductivity (i.e., the smallest
semicircle on the impedance plot) was achieved at 10wt.% OMMT content. When
the OMMT was increased beyond 10wt.%, the conductivity decreased slightly from
the maximum value. It could be concluded that the addition of the optimum
OMMT content (10wt.%) provided the most suitable environment for the ionic
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Figure 7.19  Electrochemical impedance spectra of PCE containing MMT-20A with several
different weight contents (wt.%).

transportation and, thereby, achieved the highest conductivity. By increasing the
interlayer spacing of the MMT, the crystalline structure of the PCE degraded,
meaning that the crystallinity decreased, leading to a more flexible chain structure
of the PC. Consequently, lithium ions could move more easily along the flexible
polymer main chain, resulting in the enhancement of ion conductivity. This
increase in ion conductivity by OMMT addition could be related to the functioning
of a few MMT clay sheets that were expanded and dispersed in the matrix.
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Such functions have been explained, by the reference to cation interactions, in
a previous report [60]. These authors suggested three types of Li cation complexes,
those with (a) polyether chains, (b) polyether and silicate layers, and (c) silicate
layers. For all types of interaction, the interfacial area among the Li ions, polyether
chains, and silicate layers would be critical to the filler effects. In this view, the
larger d-spacing of the OMMT could probably afford the much higher interaction
of fillers with polymer chains or Li ions.

7.3.4
lon-Exchanged Li-MMT-Containing Polymer Composite Electrolytes

7.3.4.1 Structural Properties
Figure 7.20 shows the diffraction patterns of the small-angle region for PCE as a
function of Li-MMT contents. The interlayer spacing value was changed from
32.43 t0 25.66 A when the content was increased from 10 to 25wt.%. The spacing
of the samples progressively decreased with Li-MMT until a maximum was
reached, which in fact was related to the difficulty of intercalating PEO molecules
into Li-MMT due to the increased content of clay fillers. In other words, the con-
centration of PEO-intercalated Li-MMT decreased with the increase in Li-MMT
content. It is worth pointing out that PEO/MMT blends are nanosized composites,
and it is expected that these composites exhibit silica layers with a marked specific
surface area.

Figure 7.21 displays the crystallinity changes in the PCE with Li-MMT by XRD.
The characteristic diffraction peaks of the crystalline PEO are apparent between
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Figure 7.20 X-ray diffraction patterns of (a) pure PEO, PCE containing (b) 5%, (c) 10%,
(d) 15%, (e) 20%, (f) 25% of Li-MMT, and (g) Li-MMT itself.
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Figure 7.21 X-ray diffraction patterns of (a) pure PEO and PCE containing (b) 0%, (c) 5%,
(d) 10%, (e) 20%, and (f) 25% of Li-MMT.

26 =15° and 30° [52, 61]. These diffraction peaks become broader and less promi-
nent with increasing Li-MMT content, resulting in decreased crystallinity. With
the addition of the Li-MMT to the PEO/EC system, the intensities of characteristic
peaks decreased, and reached the lowest value at 20 wt.%.

7.3.4.2 Thermal Properties

Figure 7.22 shows the DSC results of PEO/EC electrolytes with different contents
of Li-MMT. The endothermic peaks at the melting temperature, attributed to the
melting of the PEO-rich crystalline phase, weakened and shifted to lower tempera-
tures with increasing the Li-MMT content up to 20 wt.%.

Both the XRD and DSC studies indicate that PEO crystallinity is deteriorated by
the EC and further by the addition of Li-MMT. The melting temperature, heat of
fusion, and crystallinity are exhibited in Table 7.3. The PEO itself shows the heat
of fusion as 189.93]/g, and PEO/EC (2:1) without filler shows the value as
102.50]/g, the estimated crystallinity being 53.97%. This indicates that EC can
reduce the crystallinity of the PEO by plasticizer effects. With the increase in filler
content to 20wt.%, the melting point gradually fell to 52.2°C, and the crystallinity
value fell to 37.73%. In the case of 25wt.%, the PCE showed the slightly increased
melting point of 54.80°C and the enhanced crystallinity of 38.74%.

TGA graphs of the Li-MMT and PCE are shown in Figure 7.23. PEO itself gener-
ally begins to decompose at 200-300°C, and is completely burned away above
350°C under a N, atmosphere. The weight loss of the Li-MMT itself until 200°C
can be attributed to water evaporation or removal. A dried Li-MMT particle con-
tains about 12% moisture, most of which is lost below 100°C. Above 100°C, the
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Figure 7.22 DSC curves of (a) pure PEO and PCE containing (b) 0%, (c) 2%, (d) 5%, (e)
10%, (f) 15%, (g) 20%, and (h) 25% of Li-MMT.

Table 7.3 DSC data for PCE containing various Li-MMT contents.

Li-MMT content Melting temp., Heat of fusion, Crystallinity,
(wt.%) Tn (°Q) AHs ()/g) x (%)

Pure PEO 65.4 189.93 -

0 53.2 102.50 53.97

2 52.9 98.56 51.89

5 52.7 94.67 49.67

10 54.2 91.33 48.09

15 52.5 90.67 47.74

20 52.2 71.67 37.73

25 54.8 73.59 38.74

water molecules adhesively adhere to the interlayer of the silicates and begin to
evaporate. It is clear that the PEO/Li-MMT composites contain less moisture than
this. This explains the fact that the water molecules located between silicate sheets
are easily exchanged for polymer chains in the composites. Above 400°C, the
remaining weight of the PCE increased linearly as the Li-MMT content increased
indicating that the thermal stability was improved by adding Li-MMT.

7.3.4.3 Electrochemical Properties

Figure 7.24 shows the ionic conductivity for Li-MMT in 2:1 mixtures of PEO
and EC. The conductivity increases with an increase in Li-MMT content and
attains a maximum value of 5.3 X 10°°S/cm when the Li-MMT content is 20 wt.%.
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Figure 7.23 TGA graphs for (a) Li-MMT, (b) PEO itself, and PCE containing (c) 0%, (d) 10%,
(€) 15%, (f) 20%, and (g) 25% of Li-MMT.
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Figure 7.24 Room temperature ionic conductivity of PCE with Li-MMT of different weight
ratios.

Subsequently, the ionic conductivity decreases slightly with further increases in
Li-MMT content over 20wt.%. These decreases in the conductivity are mainly due
to the increased crystallinity reflecting an aggregation of additives at high filler
contents [46]. On the other hand, the above DSC results also imply that ionic
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Figure 7.25 lonic conductivity versus Li-MMT concentration (wt.%) for PCE at different
temperatures.

conductivity is strongly dependent on the degree of crystallinity. Ionic conduction
takes place mainly through amorphous domains. Hence, the level of ionic con-
ductivity below the melting temperature reflects the degree of crystallinity of a
sample. Higher crystallinity is known to yield a lower conductivity if the other
conditions are the same [62].

The ionic conductivity changes as a function of Li-MMT content at various
temperatures ranging from 25 °C to 80°C, as shown in Figure 7.25. At the ambient
temperature of 25°C, the ionic conductivity of the PCE increased, exhibiting a
high-degree slope from 0 to 5wt.% Li-MMT content. After that point, the conduc-
tivity increased gradually, exhibiting a rather low-degree slope at 20wt.% content.
In the case of 25wt.%, the conductivity decreased slightly, compared with that of
20wt.% content. The tendency of conductivity to abruptly increase before reaching
5wt.% content was also observed at 30°C and 40 °C. However, this tendency disap-
peared in the cases of 70°C or 80°C temperatures. The conductivity behavior as a
function of filler content differed between 40°C and 70°C. Furthermore, the con-
ductivity curves as a function of filler content increased in degree, to one order of
magnitude, from 40°C to 70°C. This is probably related to the phase transition
(i-e., melting) of PEO.

Figure 7.26 shows the Arrehenius plots for the PCE as a function of Li-MMT
content. For all PCE systems, conductivity increases with increasing temperature.
There exists a large change of slope at 3.00 (1000/T) (60°C). A characteristic slope-
change in the data for the samples is seen close to the polymer melting point,
almost 60°C. Two regions, above and below the PEO melting point, are apparent.
In both regions, the conductivity slowly increases with temperature, but is observed
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Figure 7.26 Arrehenius plots for the PCE as a function of Li-MMT content.

Table 7.4 Activation energies for PCE with different weight ratios of Li-MMT.

Li-MMT content (wt.%) Above 60°C (eV) Below 60°C (eV)
0 0.033 0.70
2 0.028 0.18
5 0.047 0.16
10 0.052 0.15
15 0.061 0.16
20 0.056 0.19
25 0.089 0.16

as a sudden jump across the melting point. According to previous reports, the
change of conductivity with temperature is due to polymer segmental motion [56,
57]. The segmental motion either permits the ions to hop from one site to another
or provides necessary voids for ions to move.

The linear variation in the (¢ vs. 1/T) plots below and above T, suggests an
Arrhenius-type thermally activated process. In both regions, the conductivity rela-
tionships can be expressed as

o =0pexp(—E,/kT) (7.4)

where o, is the pre-exponential factor, E, is the activation energy, and k is the
Boltzman constant.

The activation energies for ion conductivity calculated from the Arrhenius rela-
tionships are summarized in Table 7.4. The activation energy values above 60°C
for all of the samples are shown to be reduced when compared with those below
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Figure 7.27 Li-ion transference number as a function of Li-MMT content.

60°C. Below 60°C, the values decreased as a result of the addition of Li-MMT, and
showed the lowest when the Li-MMT content was 10%. However, above 60°C, the
effect of the addition of Li-MMT was rather small.

Li-ion transference numbers, t;;, as a function of Li-MMT content are shown in
Figure 7.27. For the PCE containing Li-MMT, the Lewis acid sites on the anionic
surface of Li-MMT can interact with oxygen elements in the PEO and ClO; (Lewis
base), and hence weaken the interactions between the oxygen elements and the Li
ions. As a result, more free Li ions are released, and the t;; is enhanced. This is
an identical tendency to that by which the addition of general inorganic fillers,
such as SiO, and Al,O;, slightly increases the #; through the well-known Lewis
acid-base interactions [58, 59]. By increasing the Li-MMT content, the #f; is
increased to a value, 0.55, until 20wt.% Li-MMT content is reached, and then it is
slightly decreased. Over 20% content, the above interfacial area would be dimin-
ished by a heterogeneous morphology due to the filler aggregation.

7.3.5
Mesoporous Silicate (MCM-41)-Containing Polymer Composite Electrolytes

7.3.5.1 Morphologies and Structural Properties
The hexagonal pore structure and pore diameter of the MCM-41 confirmed by
TEM is shown in Figure 7.28. The TEM image verified the average pore diameter
of 25.8 A obtained by the isotherm experiment.

Also, the morphologies of PEO/MCM-41 were demonstrated using the SEM
technique, as shown in Figure 7.29. The pristine PEO-LiClO, shows some white
heterogeneous spots, which denote the crystalline regions. These white spots
slightly disappeared with the increase of MCM-41 content, indicating that the
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Figure 7.28 TEM image indicating the hexagonal pore structure and pore diameter of the
MCM-41.

Figure 7.29 SEM images of PCE containing (a) 0, (b) 2, (c) 5, (d) 8, (e) 10, and (f) 15wt.%
MCM-41.

PCE morphology became homogenous due to the decrease of crystallinity. This
result confirms that the PCE was successfully prepared as a homogenous
nanocomposite.

Figures 7.30(A) and (B) show the small-angle XRD patterns of the as-prepared
MCM-41 and PCE containing the MCM-41, respectively. The four peaks were
attributed to the hexagonal structure of the MCM-41 pores. The (100) peak at
20 = 2.3° showed the strongest intensity, the others being assigned to [110], [200],
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Figure 7.30 Small-angle X-ray diffraction patterns of (A) MCM-41 itself, and (B) PEO-LiClO,
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Figure 7.31 Wide-angle X-ray diffraction patterns of (a) pure PEO and PCE containing (b)
0%, (c) 2%, (d) 5%, (e) 8%, (f) 10%, and (g) 15% MCM-41.

and [210] [63]. In Figure 7.30(B), with the increase in MCM-41 content, the peak
at 20 = 2.3° showed a gradually increasing intensity. In the case of 5wt.% content,
the small characteristic peaks of the MCM-41 itself appeared. The crystalline
structure of the MCM-41 could be confirmed by an intense peak at 20 = 2.3° and
three small peaks at 3° < 20 < 6°. These peaks could be assigned to [100], [110],
[200], and [220], respectively. The peak positions did not change, indicating that
most of the MCM-41 could maintain their ordered-pore structures effectively and
be homogeneously complexed with the PEO chains. It is worth pointing out that
PEO/MCM-41 are nanosized composites having ~2.6nm pore size, and it is
expected that these composites exhibit silicate layers of a specific surface area.
Figure 7.31 displays the wide-angle XRD pattern changes in the PCE containing
MCM-41. The characteristic diffraction peaks of the PEO crystalline phase are
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Figure 7.32 DSC curves of (a) pure PEO, and PCE containing (b) 0%, (c) 2%, (d) 5%,
(e) 8%, (f) 10%, and (g) 15% MCM-41.

apparent between 28 = 15° and 30° [52, 61]. These diffraction peaks become
broader and less prominent with increasing MCM-41 concentration, resulting in
decreased crystallinity.

7.3.5.2 Thermal Properties

To confirm the effect of MCM-41 addition on the crystalline structure of the PCE,
a crystallinity value was obtained by the DSC method, as shown in Figure 7.32.
With the addition of the MCM-41 to the PEO-LiClO, system, the intensities of the
characteristic peaks decreased, reaching the lowest value at 8 wt.%. The melting
transition, corresponding to the crystalline-to-amorphous transition, was very slug-
gish, and the endothermic reaction was shown to start below the melting point
[62].

MCM-41 fillers can decrease the crystallinity of PEO by the following means.
One is through the Lewis acid-base interactions between the ether oxygen of PEO
and the Lewis acid sites on the surface of MCM-41, as in the cases of SiO, and
Al,O;. The other is by preventing the reorganization of PEO chains that partly
intercalate into the mesoporous pore channels during the fabrication of the PCE.

The value y has been defined as the enthalpy ratio of PEO samples to the com-
plete crystalline PEO. It can be calculated from the equation

x=AH;/AH{ %100 (7.5)

where, AH$ (213.7]/g) is the melting enthalpy of a completely crystalline PEO
sample and AH; is the experimental enthalpy [53].
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Table 7.5 DSC data for PCE containing various MCM-41 contents.

MCM-41 content  Melting temp., T,, (°C)  Heat of fusion, AH; (J/g)  Crystallinity, x (%)
(wt.%)

Pure PEO 65.4 189.9 88.9
0 56.9 96.8 453
2 58.8 87.8 41.1
5 56.3 81.0 37.9
8 53.4 65.0 30.4
10 53.1 68.6 32.1
15 52.6 71.8 33.6

The crystallinity value can describe the relative change of the crystalline or
amorphous phase of PCEs. The melting temperature and melting enthalpy, and
the resulting crystallinity values, are summarized in Table 7.5. The melting tem-
perature and crystallinity decreased when the content of MCM-41 increased. PEO-
LiClO, itself showed a melting point of 56.9°C and a heat of fusion of 96.8]/g,
implying the crystallinity of 45.3%. With the increase in MCM-41 content to
8wt.%, the melting temperature gradually fell to 53.4°C, and the crystallinity fell
to the lowest value, 30.4%. In the case of 15wt.%, the PCE showed a melting point
of 52.6°C and an enhanced crystallinity of 33.6%. With over 8 wt.% MCM-41, the
crystallinity slightly increased, suggesting that there was an optimum content for
the minimization of crystallinity. This increase in crystallinity might be related to
the aggregation of MCM-41, resulting in the increased crystalline domain in the
composite matrix. The decrease in crystallinity will increase the amorphous state
of PEO, which should enhance the ion conductivity in low-temperature regions.

7.3.5.3 Electrochemical Properties

Complex impedance plots for PCEs as a function of MCM-41 content are shown
in Figure 7.33. In the case of 2wt.% MCM-41, the graph showed a rather large-
diameter semicircle. The approximate bulk-resistance value could be obtained with
reference to the touch point at the x-axis. By contrast, the PCE containing 8 wt.%
MCM-41 showed the smallest diameter semicircles.

Figure 7.34 displays the effect of the MCM-41 content on the enhancement of
the room-temperature ion conductivity of the PCE. The enhancement of ion con-
ductivity first increases sharply with MCM-41 content, and reaches the maximum
conductivity of 1.2 X 10*S/cm at 8wt.% content. This value is two-orders-of-
magnitude higher than that of the pristine PEO-LiClO,. This conductivity value
is at a slightly higher or similar level with the previous results [64—66]. But, when
the MCM-41 content increased further, the ion conductivity decreased. Thus,
when the content of MCM-41 is high, over 8wt.%, the blocking effect on the
transport of charge carriers, perhaps resulting from the aggregation of the MCM-
41, can decrease the ion conductivity of the PCE. Besides, the decrease in the
conductivity for MCM-41 contents higher than 8 wt.% can be caused not only by
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Figure 7.33 Complex impedance plots of PCE with MCM-41 of different weight ratios.
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Figure 7.34 lon conductivity of PCE with MCM-41 of different weight ratios at room
temperature.

aggregation but also by the dilution effect of introducing a nonconducting phase
in a conducting one. Alternatively, the above DSC results also imply, once again,
that ionic conductivity is dependent on the varying degree of crystallinity. Ionic
conduction takes place mainly through the amorphous domains; hence, the level
of ionic conductivity below the melting point reflects the degree of crystallinity of
the PCE [47, 48].
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Figure 7.35 Li-ion transference number for PCE as a function of MCM-41 content.

Li-ion transference numbers, &, as a function of MCM-41 content are shown
in Figure 7.35. As previously mentioned a relatively high t{; can ensure proper
battery operation under a high-rate charge/discharge process.

In the case of pristine PEO-LiClO,, Li ions can interact not only with ether
oxygen in PEO but also with the oxygen element in ClO; (Lewis base), in which
case its transport ability is restricted, resulting in a low value (“0.3) [14]. This is an
identical tendency to that by which the addition of general inorganic fillers, such
as SiO, and Al O, slightly increases the tf; through the well-known Lewis acid—
base interactions [57, 59]. For PEO-LiClO, containing MCM-41, the Lewis acid sites
on the surface of MCM-41 can interact with oxygen elements in PEO and ClOg,
and hence weaken the interactions between the oxygen elements and then Li ions.
As a result, more free Li ions are released, and the t;; is enhanced. By increasing
the MCM-41 content, the t;; is increased to a value, 0.5, until 8wt.% MCM-41 is
reached, and then it is slightly decreased. This phenomenon could be explained
by an increased degree of Lewis acid-base interactions resulting from the enhanced
interfacial area between the polymer and MCM-41. In contrast, the above interfa-
cial area would be diminished by heterogeneous morphology due to the filler
aggregation, as already mentioned in Li-MMT fillers.

7.4
Conclusions

The present study demonstrated that additives for PEs such as RTMS, inorganic
fillers, organic plasticizers, play a major role to decrease the crystallinity of PEO-
based CEs and thereby function as a Li-ion transference improvement agent. In
order to measure the enhanced ion-conducting behaviors of PEs, the effects of the
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additive content on the structural and electrochemical properties of the PE were
investigated and the following conclusions can be drawn:

1) The crystallinity of the PEO can be decreased mainly by the structural
deterioration that takes place due to the addition of EC and Li salt; crystallinity
is further reduced slightly by adding EMIBF,, OMMT, Li-MMT, and
MCM-41.

2) The ionic conductivity of the PE gradually increased with increasing the
additives. (a) The increase in ionic conductivity of molten-salt-containing
PGEs as a function of EMIBF, concentration could be related to the presence
of large-volume salt species dispersed in the matrix, resulting in a 27.9%
decreased crystallinity. (b) The increase in ionic conductivity of inorganic
fillers containing PCEs as a function of filler concentration could be related
to the presence of the fillers being well dispersed in the matrix, resulting in
decreasing the crystallinity of the PEO.

3) According to the results for the Li transference number, #; increased initially
as the additive content increased, but with a continuous increase in the additive
content, t; slightly decreased. This phenomenon could be explained by the
occurrence of an enhanced degree of Lewis acid—base interaction between the
polymer and the additives. For a more detailed explanation, Lewis acid sites
on the surface of additives could interact with oxygen elements in PEO and
ClOj, and hence weaken the interactions between the oxygen elements and
the Li ions. As a result, additional free Li ions were released and the t; was
enhanced.

4) This kind of layered-structured fillers, due to the regularly ordered structures,
also could enhance the mechanical properties of the PE; good tensile and
high modulus properties are preferred for the film-making process. These
mechanical properties are currently under investigation.

PEs are comprised of metal salts of low lattice energy dissolved in a polymer
matrix containing polar moieties such as ether, ester, or amide linkages. Metal
salts can dissolve into such polymer matrixes by virtue of the coordinative interac-
tion between the metal ion and the polar groups. The conductive properties of PEs
have resulted in their extensive study for potential applications in energy storage
devices or electrochromic devices, especially for the dye-sensitized solar cells. In
the latter case, the ionic conductivity of solid PEs is dependent on the molar ratio
of the polymer and the iodide salt due to the transfer efficiency of charge carriers
and complex formation between metal cations and polymer atoms. To summarize
this chapter, it can be said that PEs stand out because of their excellent properties
such as easy fabrication, low cost, and good stability so that they have growing
interests from the point of practical applications. It is expected that the additive
effect of PEs for lithium secondary batteries could be useful for the study of
enhancing the ionic conductivity of PEs for other applications as well.
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8
Mechanics of Materials for Li-Battery Systems
Katerina E. Aifantis, Kurt Maute, Martin L. Dunn, and Stephen A. Hackney

8.1
Introduction

In the previous chapters, it was shown that not only materials selection but also
materials design plays an important role in the resulting electrochemical perform-
ance of rechargeable Li-battery electrodes. The underlying physical mechanism
that allows the design of the electrode to be of importance is that the mechanical
response of materials is highly dependent on configuration. By understanding,
therefore, the mechanical response of various electrode configurations, it will be
possible to predict the most stable design that will allow for a greater lifetime since,
as was shown in the previous chapters, fracture is one of the limiting factors
concerning capacity retention in the next-generation electrodes.

Although there exist myriad studies and literature on the experimental aspects
of Li electrodes, there is limited work that focuses on the mechanical issues of
such systems. This chapter highlights some mechanical considerations that arise
in the use of Li-ion batteries, including stresses that arise during manufacturing,
packaging, and service (Figure 8.1). Therefore, in the sequel, after describing
explicitly to role of mechanics in battery cells, an overview is given of studies that
perform stress and fracture analysis on anodes and cathodes comprising of active/
inactive materials. As described in Chapter 6, in order to avoid damage and even-
tual fracture induced by the 300% volume expansions that Si and Sn experience
on electrochemical cycling, the battery community has embarked on the explora-
tion of nanoscale structures and composites, but with very limited understanding
of the underlying mechanics processes accompanying electrochemical cycling.
The need for the development of a robust theoretical material mechanics frame-
work has already been pointed out by workers in the field; see, for example, the
quotation of Beaulieu et al. [1]: “In the lithium alloys studied here, enormous strain
can be caused with zero applied stress. The strain is caused by the incorporation
of interstitial Li atoms between the existing M atoms of the alloys. It is our opinion
that the theories of elasticity in solids are not suited to describe the colossal volume
changes described here. We invite theorists to take up the challenge to describe
these phenomena.”

High Energy Density Lithium Batteries. Edited by Katerina E. Aifantis, Stephen A. Hackney, and
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Figure 8.1 Schematic of a structurally enclosed lithium battery.

An initial theoretical consideration of Li-battery anodes was done by Wolfenstine
[2], who predicted that the critical size of fully lithiated Sn and Si that will result
in no fracture is below their unit cell size. This was concluded using linear elastic-
ity, which, however, may not be valid at such small length scales. Further theoreti-
cal considerations were developed by Huggins and Nix in 2001 [3a] who performed
a fracture analysis for metallic thin film anodes. They developed a simple one-
dimensional decrepitation model for capacity loss predicting a terminal particle
size of the order of a fraction of a micron. This model borrowed heavily from
earlier work concerned with internal stress development and fracture [3b] of an
epitaxial thin film on a compliant substrate. Therefore, it was not applicable to
radial geometries for the active nanoparticles considered, which as shown in the
previous chapters appear to be the most promising for the next-generation Li
electrodes.

The mechanics challenges that arise for electrodes comprised of active nanopar-
ticles encased/embedded in a matrix, described in Chapter 6, were undertaken by
Aifantis et al. [4-7], through the development of simple physically based linear
elasticity and fracture mechanics models with the goal of establishing preliminary
easy-to-use material/component design criteria for nanostructured anodes [7] with
optimum capacity, strength, and electrochemical stability. In particular, under
continuous electrochemical cycling, (nano) cracking takes place at the particle—
matrix interface and a (nano) damage zone is developed as documented by trans-
mission electron microscopy (TEM) observations [4, 8]. On assuming that this
damage zone is comprised by a number of radial cracks, it was possible to derive
[5, 6] stability criteria for crack growth depending on the geometry assumed for
the active nanoparticles (spheres, fibers/tubes, or disks/platelets) and the associ-
ated boundary conditions. It should be emphasized that the above mentioned
simple mechanics models were directly motivated by the nanoscale configurations
overviewed in Chapter 6, and will be described in the following section.

Strain considerations for radial geometries for the active sites have also been
recently examined in [9, 10] by also employing elasticity considerations for mod-
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erately expanding cathodes, similar to those advanced previously in [4-7]. Moreo-
ver, Doyle et al. [9, 10] presented an interesting analysis incorporating also the
effect of stress-assisted diffusion accompanying electrochemical cycling (see also
the earlier work in [11]). In any case, all these mechanical models should be con-
sidered as being rather qualitative since accurate measurements of the elastic and
fracture properties were not available and the underlying damage morphology was
not known.

A more recent study by Golmon et al. [12] highlights how stresses are built up
in porous electrodes that are an agglomerate of active particles, the electrolyte, and
inactive material during operation. As this phenomenon occurs at multiple length
scales, these scales will be described, in the sequel, along with an approach to
model the interaction between electrochemical and mechanical phenomena in
Li-ion battery systems. The multiple scales consist of the battery system, the
porous electrode, and the individual particles in the electrode. The modeling,
analysis, and simulation approaches at each scale will be described according to
[12]. Mainly, the efforts involve the coupling of diffusion and mechanical behavior,
along with a review of the state-of-the-art in modeling fracture and degradation of
electrode particles.

8.2
Mechanics Considerations During Battery Life

Like most manufactured products, components in Li batteries are subjected to
mechanical loads from their manufacture throughout their lifecycle. These
mechanical loads, which occur at multiple scales, arise from various physical proc-
esses and influence the yield, performance, and ultimately the failure of Li batter-
ies. From a macroscopic perspective, the packaging of a battery influences its
ability to withstand mechanical loads during service. Different cell geometries are
routinely fabricated to meet manufacturing, cost, and performance criteria; these
include cylindrical, button, prismatic, and pouch cells, as were described in
Chapter 1. While cylinders and buttons offer the best mechanical ruggedness due
to their protective metal can, most rechargeable Li-ion batteries are fabricated in
prismatic or pouch cells (Figure 8.2). These are lighter than cylindrical cells due
to the absence of the metal can but offer the flexibility to design shapes and sizes
to precise application-specific dimensions and also offer the best use of available
space. For example, nearly every generation of laptop or cell phone has a new
battery architecture. However, they are not as mechanically rugged as cylindrical
cells and must be designed to prevent or accommodate expansion that can occur
as pressure builds up during gas generation on charging and discharging. Pouch
cells, packaged in flexible foil materials, are also more susceptible to external
mechanical loads, during operation such as tension, compression, bending, and
twisting. They are particularly sensitive to highly localized forces that can puncture
the packaging. On the positive side, they are the most promising existing battery
architecture/packaging concept for integration into multifunctional structures
such as load-bearing composite materials [12-16].
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Figure 8.2 Schematics showing construction of prismatic and pouch cells [16b].

At the heart of most current manufacturing processes is the synthesis of appro-
priate electrode materials and their integration in a largely planar form including
an electrolyte, current collectors, and packaging. Before, however, looking into
porous electrodes, it is vital to understand fracture in the next-generation anodes
since, as was shown in Chapter 6, it is this fracture that inhibits the commerciali-
zation of these high-capacity materials for porous electrodes. The next-generation
anodes were described to have the form of nanocomposites and nanowires, and
hence, appropriate theoretical models for treating mechanical stability in such
systems will also be presented. For example, in [17], significant performance
enhancements were achieved through the use of silicon nanowire anodes.

During operation (discharging), Li* ions are extracted from the anode, trans-
ported through the electrolyte, and inserted into the cathode. During charge, the
opposite occurs. We will describe details of the physical processes more thoroughly
in our subsequent discussions, but in order to highlight the mechanical issues
involved, and their sources, we focus here on the extraction and insertion of Li*
ions into a cathode consisting of active Li,Mn,0O, particles; similar fracture mecha-
nisms occur for other Li-active materials.

Insertion and extraction of Li* ions into a Li,Mn,0, particle is a diffusive process
driven by electrochemical reactions on the surface of the particle. As Li Mn,0O, is
reversibly cycled between y = 0.2 and 1, the lattice distorts with a 6.5% volume
change [19]. Recent studies, however, document that the volume expansion for
LiMn,0, cathodes is 14% and results from the phase transformation that occurs
upon Li insertion. In particular, Figures 8.3 and 8.4 depict LiMn,0, electrode
particles exhibiting large strain levels and damage before and after electrochemical
cycling [4]. On charging, LiMn,0, experiences a 14% volume contraction due to
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Uncycled Cycled

Figure 8.3 Parent Mn,0, and cycled LiMn,O, samples. After multiple charge—discharge
cycles, the strain within the crystals is evident from the high-frequency spatial variation of
contrast in the TEM image; taken from [4].

LianO4
Single crystal

T

- -

 Fractured
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Figure 8.4 Deep discharged LiMn,0O, particles with fractured surface layers; chemomechani-
cal stresses develop as a result of Li insertion/deinsertion; taken from [4].

the crystal structure re-ordering resulting from the formation of Mn,0,. On deep
discharge, the respective expansion that the material experienced resulted in resid-
ual strain, which is visible in Figure 8.3. After further cycling, TEM observations
show a high density of nanocracks in a single Mn,0, crystal as shown in Figure
8.4. Fracture of individual Li,Mn,0, particles can also be found in [20], while
fracture in other cathodic materials such as LiCoO, and LiFePO, has been docu-
mented in [21] and [22], respectively. Similar damage processes have been docu-
mented for anodic materials as described in Chapter 6. However, damage in
anodic materials, such as Si and Sn, is much more severe since the volume expan-
sions are far grater, reaching values up to 300%, on the formation of Li-rich phases.
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Particle fracture has been linked to performance degradation due to loss of
electrical contact between cracked particles that increases electrical resistance and
an increase of particle surface area that is subjected to detrimental side reactions
[23]. Large volume mismatches (16-17% for cathode materials and >100% for
anode materials) exist between the coexisting phases that result in large stresses
[23, 24]. If the concentration of Li* ions was uniform in the particle, it would
expand and/or contract uniformly. However, the diffusive process results in Li*
concentration gradients within Li,Mn,0, particles that develop and evolve during
insertion and extraction. This results in incompatible strains and leads to stresses
that vary with position through the particle.

Although we are not discussing it in detail here, these electrochemical and
mechanical phenomena are also strongly coupled to heat generation [25, 26].
Zhang et al. [26] have recently described these issues and developed a particle-scale
model that connects electrochemistry, mechanics, and heat generation for Li-ion
cells. Finally, we note that our discussion has focused on individual particles. In
an aggregate, additional complexities arise due to the interparticle interactions that
arise upon mechanical or electrochemical-induced loading.

83
Modeling Elasticity and Fracture During Electrochemical Cycling

8.3.1
Fracture in a Bilayer Configuration

The first pure mechanical study that tried to predict the mechanical effects that
electrochemical cycling has on battery materials was by Huggins and Nix [3]. The
configuration they considered was that of a bilayer system (Figure 8.5), by which
the active material of the anode (e.g., Sn) is deposited on a substrate (Cu). Their
motivation was taken by the experimental evidence of [27] that showed a better
capacity retention in Sn nanoparticles as their diameters decreased.

During electrochemical cycling, the Sn layer suffers a phase transformation that
corresponds to a volume expansion. If the substrate were not present, the Sn layer
would be able to expand freely. The Cu layer is taken to be a compliant substrate,
which means that as the Sn layer expands, on charging, elastic strains are exerted

h1 e

h2 <] yo=(h1+h2)2 ™
_|

Figure 8.5 Configuration considered in [2], taken from [2].
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onto the Cu, leading to the development of internal stresses and possibly fracture
at the interface. The dilation that the Sn layer would experience, on Li-ion inser-
tion, in the absence of constraints can be written as er = AV/V, which implies that
for the configuration at hand, the in-plane stress-free misfit strain at the bilayer
interface is given by

er
& =— 8.1
; 8.1)

In order for the two layers to remain mechanically compatible, during the expan-
sion of Sn, the Sn film experiences tensile stresses to remain flat, while Cu experi-
ences compressive stresses. By considering strain compatibility at the interface
and stress equilibrium, the stresses required for the layers to remain flat are cal-
culated [3] to be

ol = —Be, i
h, +h, 8.2)
flat hl '
0," = Bg,
hy +h,

where B is the biaxial elastic modulus of the material. Next the average stress that
develops at the bottom layer when the system is allowed to bend freely is calculated
by considering the bending moments of a plate

—hend _ 3Be,hih,

3 8.3
’ (h +hy)’ (63)
The overall stress that the Cu substrate undergoes is therefore
2 _ 2
o, =0 + 6> =G, = Be, M = 6, =Be,(1-o)(1-3a+30?)
(h+hy) (8.4)

where h = h, + h; and h, = ah. After having a prediction for the stress in the Cu
layer, Huggins and Nix [3] continued with trying to estimate the stress at which
the system will fracture. On the basis of the Griffith-Orwin criterion, they calcu-
lated that the stress at which the lower layer will fracture is [3]

. _ K K, 1
fracture \/7[_]12 m \/E

(8.5)

where K|, is the fracture toughness of Cu. Therefore, fracture will take place when
the stress exerted on the Cu, due to the expansion of the Sn, exceeds the fracture
stress
0)
Os

>1 (8.6)

Inserting Eqgs. (8.4) and (8.5) in Eq. (8.6) and allowing the estimation of the param-
eter o provided in [3], the critical film thickness below which fracture cannot occur
is calculated as [3]:
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AR 8
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It was not possible to develop precise design criteria as the K;_ for lithiated anodic
materials is not known. Allowing, however, for the maximum and lower values
of K, it is predicted by Eq. (8.7) that the critical film size below which fracture
will not occur is 0.035 microns for very brittle materials, while for ductile materi-
als, it is 8 microns.

83.2
Elasticity and Fracture in an Axially Symmetric Configuration

The recent experimental results that were presented in Chapter 6, suggest that the
configuration that allows for the highest capacities and life cycle of Li anodes is
that of active metals (such as Si or Sn) embedded or surrounded by carbon. On
the basis of the experimental evidence of Figure 8.4, it can be seen that the surface
of active sites crumbles, on cycling; this damage is shown schematically in Figure
8.6. This section focuses therefore on axially symmetric nanocomposites com-
prised of a highly active material (Sn or Si) with respect to Li and a less active
matrix (carbon, soda glass).

Aifantis and Hackney [4] were the first who performed a mechanics study on
axially symmetric anodes. The schematic configuration they considered is shown
in Figure 8.7a. As a first step, they used plane stress conditions to look at the purely
elastic response of the unit cell on maximum Li insertion; this plane stress condi-
tion essentially corresponds to a thin film (active/less active nanostructured)
anode, which, however, has no effect from the substrate. They used this “thin film”
consideration motivated by the initial experiments shown in Chapter 6. In continu-
ing this analysis, they inserted a damage zone at the active site-matrix interface,
which accounts for the fracture that takes place as shown in Figures 8.4 and 8.6.
Since the matrix is more brittle from the metal active site, it is assumed that the

Nanocrystals produced by multiple fractures (crumbling)

LiMn,04
(undamaged)

Figure 8.6 Schematical representation of fracture zone in a single crystal LiMn,O, due to
nanocrack formation (damaged surface layer).
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Uncracked
matrix

cracks of
length p-a

(@) ®)

Figure 8.7 Configuration of unit cell used in  opposes this expansion, and p is the crack
analysis; a and b are the radii of the active radius. (a) Corresponds to the elastic

site and matrix, respectively, A is the free response of the unit cell; taken from [4], (b)
expansion of the active site if it were not corresponds to the unit cell configuration
constrained (by the matrix), d is the radial upon crack formation; taken from [5].

distance the matrix pushes back as it

damage zone forms inside the matrix, as shown in Figure 8.7b. Since this region
is severely damaged, it supports only radial stresses, and can therefore be approxi-
mated by a number of radial cracks with length p-a.

In modeling the purely elastic response of nanocomposite anodes, the configu-
ration of Figure 8.7a is employed. The state of maximum Li insertion is considered
and therefore the stress inside the active is constant and does not vary with r; for
this state, linear elasticity in polar coordinates gives the stress and displacement
expressions in the active site as

0, =0y =2C;;u, =2C,(1—v,)r/E, (8.8)

where C, is an integration constant, v, is the Poisson’s ratio in the active site and
E, is the elastic modulus of the active site. In the matrix, the stresses and displace-
ment vary with r since they decrease as the distance from the active particle
increases

A A i|:_Am(1—vm)

0,:—;”+2Cm,o'9=——’2”+2Cm,u,= ]+2Cm(1—vm)r (8.9)
r r

r

where A,, and C,, are integration constants, v,, is the matrix Poisson’s ratio, and
E,, is the matrix elastic modulus.
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To obtain the complete expressions, the constants C,, A, and C,, were solved
from the following boundary conditions:

Since conditions of plane stress are assumed, this maximum stress-free volu-
metric expansion of the Sn corresponds to an increase of its radius, denoted by A;
therefore, the initial radius of this particle on maximum Li insertion would be:
r = a + A. The surrounding matrix, which is present under the given confined
configuration, however, opposes the aforementioned free expansion by pushing
back the particle by a distance —§; therefore, the final radius of the active site is
r=a + A — 6. Thus, the total displacement of the outer surface of the particle at
r=a+Ais u,=-6.

As the inner surface of the matrix annulus and the outer surface of the particle
are in contact, it follows that once the Sn reaches its maximum expansion A, the
matrix pushes back a distance —d, and thus, the final inner radius of the matrix is
r=a + A — 0. Therefore, the first displacement condition for determining the
constants inside the matrix is given at the interface (r = a) as u,(a) = A - 4.

For the formulation of the outer boundary condition, at r = b, two different cases
are considered at the outer annulus surface: (i) The first case corresponds to the
“manufacturing condition” suggested by the most common configuration, accord-
ing to which the whole battery system is tightly constrained by the outer casing.
Therefore, the displacements at the boundary of adjacent unit cells cancel each
other, and the condition at r = b is taken to be u, = 0. (ii) The second case corre-
sponds to having the single particles dispersed so far apart so that they do not
constrain each other. In that case the outer surface is unconstrained and the stress
there is zero. This condition is referred as a “natural” condition, since the pressure
that is induced on the matrix by the active site fades with increasing distance and
hence the external pressure is zero. Thus, the stress exerted by the active site on
the matrix is fades away with increasing distance and becomes vanishingly small
at the outer cell boundary, so 0, =0 at r = b.

Consideration of the above boundary conditions allows the constants in the
stress and displacement expressions to be computed as

. B (8.10)
21-v,)(a+A)
A= E,ab’(A-8) _ M (8.11a)

(B —a®)(1+v,) " 2b*—a?)1+v,)

for the “manufacturing consistent case”, while for the stress-free case, the con-

stants in the matrix are

3 E,ab*(A-9) o E.a(A-0)
PA+v,)+a*(1-v,) " 2[P*(1+v,)+a’(1-v,)]

"= (8.11D)
It is now left to define A and 4. A is related to the free expansion on maximum Li
insertion, which is 300% (for this plane stress case (@ + A)* = 3). The distance &
can be calculated through strain energy considerations as follows. For a radial
configuration under plane stress, the strain energy per unit volume and the strain
energy per unit length are given, respectively, as
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w= %Gijeij = é(aﬁ +05-2v0,04),and W = ;[wdA = Zﬂ_y[wrdr (8.12)
Combining appropriately Egs. (8.8)—(8.11) with Eq. (8.12) allows the determination
of the strain energy per unit length in the active site and matrix. The total strain
energy of the system at hand is simply that of the active site plus that of the matrix
Wi = Wy + W,. By setting the derivative equal to zero = 0 and solving for J, we
obtain for the manufacturing consistent case:

~ E, Ala*(1+v,)+b*(1-v,)](@+A)Y1-v,)
Ea?(a® 1) (1-v%)—E,[a*(1+v,) + B*(1-v,)] @@+ AY (1-v,)

(8.13a)

and for the stress-free case

__ E A(L? —a?)(a+A) (1-v,)
6= Esaz[al(l—vm)—b2(1+vm)]_Em(b2_az)(a+A)z(1_Vs) (8.13D)

Now that all parameters have been defined, the stress profile inside the unit cell
is shown in Figure 8.8. As the material parameters are not precisely known, this
is just a qualitative plot.

The similarity of the plots obtained for cases (i) and (ii) implies that considera-
tion of the system under “manufacturing consistent” or “natural” conditions does

radial stress (in GPa)

—— Case |

Case 2

-12.7

100 1000
radial displacement (in nm)

(@)
12.9

—&— Case 1

Case 2

hoop stress (in GPa)

0

100 1000
radial displacement (in nm)

(b)

Figure 8.8 Stress distribution in matrix for purely elastic response of unit cell (a) radial
stress and (b) hoop stress; taken from [4].
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not affect the stress distribution inside the electrodes for this purely elastic ideal-
ized case.

833
Fracture and Damage Evolution for Thin Film Case

After modeling the elastic response, through the introduction of the quantities A
and 9, the evolution of facture, which is responsible for capacity fade, was set forth
to consider. Therefore, the damage zone of Figure 8.7b will be accounted for in
the sequel [5], resulting in three regions that must be considered within a mechan-
ics framework: the active particle, the cracked matrix, and the uncracked matrix.
In considering fracture, geometry must be accounted for, since it has been observed
that similar materials give different capacities depending on their configuration.

Li et al. [28], for example, fabricated SnO using the same method, but in one
case, it had the form of a thin film, while in the other (through use of a nanoporous
template), it had a nanofiber structure. As described in Chapter 6, the nanofiber
structure had a capacity retention of 790mAh/g for 800 cycles, while the thin film
had a starting capacity of 580mAh/g that decreased to 400mAh/g after 50 cycles.
The authors attributed the optimum cyclability of the nanofiber SnO configuration
to the ability of this structure to better accommodate the volume expansions. Both
the thin film and the fiber configurations will be considered in the sequel.

In continuing the elasticity problem, conditions of plane stress will initially be
adopted, where the active site can be, for example Sn, while the matrix Li,O,
according to [28]. The stress distribution in the active site remains the same as it
were in the Section 8.3.2.1, as again the state of maximum Li insertion is accounted
for. Since the stress exerted by the active site on the matrix is constant and com-
presses the matrix, o, = 2C, = —p, where p is the internal pressure. This allows the
displacement boundary condition at the active site/matrix to take the form

A_p(l—vs)(a+A)

r :A—5:
u.(a) E,

(8.14)
Next, the stresses and displacement conditions inside the damage region, a < r
< p, must be accounted for. Within the damage region, the stress equilibrium
relation is written [5] so as to support only radial stresses as
do, o k
—+—L=0=>0,(r)=— for a<r<p (8.15)
dr r r
where k is an integration constant. Given that o,(a) = —p, it follows that k = —pa.
Furthermore, Hooke’s law gives
du, du, a
N __P

—:>u,(r)=—ﬂln(r)+u*, for a<r<p (8.16)

o, =E, =
dr dr E,.r E,

where an expression for the constant u* can be found by setting the displacement,
u,(p), right in front of the crack tip (i.e., just inside the uncracked region) equal to
a constant u,(p) [29].
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a . . pa
1 (P) =12 (p) = U (p) = —z—ln(p)+ u =yt = %m(p) +u.(p)  (8.17)
Then insertion of Eq. (8.17) in Eq. (8.16) concludes that inside the cracked region,
the radial displacement is given by

u,(r):ﬂln(2)+u+(p), for a<r<p (8.18)
E, \r

The uncracked region can be thought of as a disc annulus, whose internal pressure
is equal to that present at the interface with the fractured region (i.e., at r = p) and
it can be found by direct substitution in Eq. (8.15):

a
p.=—0,(p)=L2 (8.19)

p
The displacement solution for a plane strain configuration (i.e., a hollow cylinder)

that is subjected to an internal and external pressure is given in [30]; for the present
case, it is modified to plane stress as

£+1—vm P 1-v,
2 2
Uy (r)=——1p. 1 bz”"’”— r Ml g p<r<h (8.20)
2l 2 1 1_p7
pZ bZ

where w,, = E,/[2(1 + v,))] is the shear modulus of the uncracked matrix and u,(r)
denotes the corresponding displacement inside this region.
Thus, by setting r= p in Eq. (8.20), the following expression for u,(p) is obtained:

pLb* (p- + pvi =2q) = p*p (Vi —1)]
20, (v, + D(B? - p?)

Now, insertion of Eq. (8.21) in Eq. (8.18) gives a second expression for the displace-
ment at r=a:

_pefy(P) e
u,(a)= 2 {ln(a)+2 P (1 vg)} (8-22)

u,(p)= (8.21)

where C = gb/pa; while the displacement at r = b can be deduced from Eq. (8.20)
as

pa [ bp-Cb*
u,(b):a{z yr—p CLtm) (8.23)

Stability Index Formulation

For the present configuration, the hoop stress, oy, is the opening tensile stress
responsible for crack stability and growth. In [29, 31] it was shown that for such
a system, this hoop stress is given as
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oo(p")

:Jm¥+m%mmm—x% 824)

b | (p/b)1-(p/b)]
while the corresponding energy release rate for such a configuration is given as
[29, 31]
7
G(p)=2"0i(p") (8.25)

o
Finally, the stability index can be defined according to [29, 31] as

b dG
K‘—ii

= 8.26
Gdp (8-26)

Boundary Conditions It can be seen that the energy release rate depends on the
material parameters (E, v), the geometric parameters (a, b), the number of cracks
n, as well as on the internal and external pressures p and g. The internal pressure
can be found by equating Egs. (8.14) and (8.22) and solving for p, while the external
pressure g need not be defined explicitly as long as C is. Below are solutions for
three different cases; the first two of which are in accordance to those examined
in the previous Section 8.3.2.

Case 1: Clamped outer boundary (tightly constrained case)

As was explained before for the manufacturing constistent case, u(b) = 0 and in
view of Eq. (8.23), one can solve for C to obtain
co 2bp
A=v,)b* + A +v,)p’

p is solved as explained before through Eqs. (8.14) and (8.22), and therefore, Egs.
(8.24) and (8.25) give

_mpid’ [(1—1},,1)112 —(1+v,)p* T

G
1(p) nEnp | (1= vp)b? +(1+v,)p

(8.27a)

where

) ot )
b E, a 1+v, ) A=v, )P +(1+v,,) 1-v, r

It should be noted that I' = E;/(1 — v,).

Case 2: Natural boundary condition (stress-free case)

If the natural boundary condition is considered, the stress at the outer boundary
is zero; g = 0 (which implies that C = 0), and through Eqs. (8.14) and (8.22) p is
found. Then, by using Egs. (8.24) and (8.25), the energy release rate, G, is readily
calculated as

psa’ [ b*+ p? T
G = 8.27b
2(p) nEmp[bz e ( )
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where

SN E P\ PP PR N CE V)
p=a{ 2 m()e2 - [ 20

Case 3: Self-equilibrated loading

The final case to be considered, which was not accounted for in Section 8.3.2, is
that of “self-equilibrated loading”, that is, the force (gb) that is exerted on the matrix
annulus by the surrounding unit cell is equal to that (pa) exerted onto it by the
Li-insertion site. Therefore, C = 1, and solving for the internal pressure as before,
the energy release rate, G; is found as

Gs( )—”p%a2 (b_p)z 8.27
3p_nEgp b+p (8.27¢)
where
a P b (a+A))"
=A{ = 1(4) 2— —(1- }
P {Eg[na T s }
8.3.4

Fracture and Damage in Fiber-Like/Nanowire Electrodes

A more promising fabrication method that was described in the Chapter 6 is that
of anodes that are fabricated as long fiber-like cylinders. The mechanical analysis
for this case follows directly from that of Section 8.3.3. If the configuration of the
active sites is similar to that of Figure 8.7b but with the active sites being cylindri-
cal, it resembles that of active fibers being embedded within a matrix. In that case
conditions of plane strain exist. The formulation of Section 8.3.3, which is for
plane stress, can be modified to plane strain by allowing for a reduced elastic
modulus and Poisson’s ratio. Therefore, E and v in all the equations of Section
8.3.3 should be replaced by E" and v’ [5], that is,

E—>E= E ,v—>v’=—v
1-1? 1-v

8.3.5
Spherical Active Sites

Another configurations described in the Chapter 6 is that of spherical active sites
encased in carbon. Therefore, a similar analysis to the above was performed for
spherical symmetry. The steps are the same as in Section 8.3.3, except that now the
stresses in the active site are written for spherical symmetry as

1+ v, _2(1+v5)D

Ds;u, =
1-2v, E,

0, =0y =0;=2 s (8.28)
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And, hence, the boundary condition at the active site-matrix interface takes the
form
1-2v,)(A+a
w(a)=A-5=p-1Z2)@FD)p (8.29)
The stress equibrium relation inside the severely fractured damage zone is written
for this configuration as
do, | 20 k

+—=0=0,(r)=

1 —, for a<r<p (8.30)
rooor r

which implies the displacement expression

2
du,:durz_pa :>u,(r)=i+u*, for a<r<p (8.31)
dr dr E,r? E,r

0,(r)=E,

where the constant of integration k is k = —po?; w* is found similarly as before by
setting the displacement right in front of the crack tip u,(p) equal to u,(p), that is,

2

pa

2
w (p)=u,(p) = L2t wr = wr =, (p) -

(8.32)
E.p E.p
The displacement expression, therefore, inside the damage zone can be written as
2
u,(r):ﬂ(l—l)+u+(p) for asr<p (8.33)
E.\r p

Finally, the displacement expression inside the uncracked matrix, that is, a hollow
sphere which experiences an internal pressure (by the active site) and an external
pressure (by the neighboring unit cell), is given in [30] as

_(A+vr ‘b3/(2r3)+(1—2vm)(1+vm)
B P (2r)+(1-2v,)1+v,,)
1-p*'p?

:|, for p<r<b (8.34)

The internal pressure p- is the pressure exerted at r = p, and is p- = pa’/p”.

It follows that the by letting r = p in Eq. (8.34), an analytical expression can be
obtained for u.(p), which can then be substituted in Eq. (8.33) for the development
of a second boundary condition at the active site—matrix interface as

_pa’ 1 2(-v,) 3(1—Vm)(b3—5bpz)}
u(a)= {a ) + 20(6 = p) (8.35)

m

where, S = gb*/(pa®). Now, the displacement at the outer boundary (r = b) is found
by direct substitution in Eq. (8.34):

_pa’ [3(1-v,)(b’p-Sb*) }
u(b) =3 { S (8.36)
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In concluding, the hoop stress and the energy release rate during crack growth
for a spherical system has been calculated to be [31]

o[ 1-35(p/b) + 2(p/b) .
os(p") B Z(p/b)z(l—(p/b)g) (8.37)
G(p)z%fwe(ﬂ) (8.38)

Boundary Conditions  Following the reasoning as in the thin film case, the follow-
ing expressions [5] are obtained for the three boundary conditions at hand

Case 1: Clamped outer boundary (tightly constrained case)

For the clamped outer boundary u(b) = 0, Eq. (8.36) is set equal to zero and, there-
fore, S is found to be

_ 3(1-v,)b’p
T 21-2v,)P + (1 +v,)p°
and hence
_ 4.2 _ 3 3 2
G, :2(1 V)0 pl[ 1-2v,)b’ =1 +v,)p } (8.39)
nE,p’ 21=-2v,)b* +(1+v,,)p*
where
2 _ _ 3 -1
ple{ a4 |:p—2(1—vg)+ 3(1—-v,,)A~2v,)b }+(a+hA)} , and
PE, | a 21-2v,)b* + (1 +v,,)p’* I
l—*sph — ES
1-2v;

Case 2: Natural boundary condition (stress-free case)

Letting g = 0 (i.e. S = 0), provides

(1-v,)a*pi[b* =20 T
G= p3p2 o 53 (8.39b)
where
at [p 31-v,)* ] (a+A))"
=A F_a-v,
b2 {pEm|:a (=) 2 —p) | T

Case 3: Self-equilibrating loading

Finally, for the self-equilibrating case, gb* = pa> = S = 1, and therefore

_ 4 .2 — 2
G, = d=rwa'p [(b+2p)(b P)} (8.39¢)
2nE,p’ b* +bp + p?
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where

@ [p a-v) 30-v)pr ] @A)
p3_A{ [a 2 2(b2+bp+pz)}+ F“’h}

8.3.6
Stability Plots

In order to obtain a qualitative comparison between the aforementioned theoretical
model and experimental data, the stability index for the various configurations and
boundary conditions is plotted in Figure 8.9 [5]; it should be noted that the stability
index for all configurations is given by Eq. (8.26). The stability index indicates the
energy difference (final-initial) required for crack growth to take place, therefore
the more negative k, the more difficult it is to initiate crack growth, and hence the
growth is stable. Once x becomes positive, as in the stress-free case, crack growth
becomes unstable and complete fracture of the electrode can take place rapidly.
An asymptote, as in the tightly constrained case, indicates that the cracks will close
shut before reaching the distance at which the asymptote is observed.
Comparing therefore the plots of Figure 8.9, it can be seen that the natural
boundary condition (Case 2) is the least stable since it allows for positive values
of the stability index, predicting therefore unstable growth and complete fracture

10 Case2

Case 1 20 Case 1

20 Case |

10

K 0

-10

200

400 600 800 1000 200 400 600 800 1000
p In NmM p in nm

Figure 8.9 (a) Stability of thin film anode, (b) stability of fiber-like anode, (c) stability of
spherical active sites embedded in glass matrix, (d) stability of spherical sites embedded in
Fe—C matrix (b and a are kept the same for all cases); taken from [5].
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of the electrode once cracking initiates. The asymptote observed for the tightly
constrained case suggests that for Case 1, the cracks will shut once a critical dis-
tance is attained, while for the self-equilibrated loading case, stable growth is
predicted until the outer boundary is reached. In particular, based on these stability
plots, it can be seen that for Case 2 unstable growth will take place as the p-
intercept is reached, approximately at p, = 450nm (thin film), 500nm (fiber),
560nm (spherical sites in glass matrix), 600nm (spherical sites in Fe-C matrix).
Larger values for p, in this stress-free case imply that the anode can be used for a
longer period before cracking becomes unstable and hence complete fracture takes
place, disabling the anode. On the basis of this criterion, because of its better
mechanical stability, the fiber-like configuration will allow for a grater capacity
retention over a greater period of cycles, than the thin film configuration (as frac-
ture occurs, the capacity decreases as shown in Chapter 6). This is a first theoretical
interpretation of the superior cyclability of SnO nanofibers as compared with SnO
thin films that was observed in [28] and described in detail in Chapter 6. Further-
more, based on these p, considerations, the spherical Sn embedded in the Fe-C
matrix is predicted to be the most preferable, since it allows for a greater crack
radius (p.) to be achieved before growth becomes unstable. Similar conclusions to
the above can be drawn also by comparing the distance p at which the asymptote
for Case 1 occurred. It should be noted that for the tightly constrained boundary
condition, it is desired to have small distances at which the asymptote occurs, since
this suggests that the distance that the cracks will propagate before they close shut
will be smaller, and therefore mechanical damage will be minimized. On the basis
of this criterion, again the spherical configuration is the most desirable, followed
by the fiber-like inclusions and then the thin film case.

In addition to configuration, material selection also plays a significant role in the
capacity of anodes. Therefore, in [5], two cases were considered for the spherical Sn
sites, embedded in a matrix. In one case, the matrix was soda glass (Figure 8.9¢),
while in the other, it was Fe—C. It can be seen from Figure 8.9¢,d that the Fe-C matrix
is predicted to allow for greater stability since p, was the larger for Case 1, but smaller
for Case 2 (as compared to the soda glass matrix). Furthermore, in [6], the case where
Siwas embedded in soda glass was considered. The stability graphs were very similar
to those in which Sn was active site, indicating that the formulation at hand could
not distinguish between active site materials, as it could for matrix materials.

8.3.7
Volume Fraction and Particle Size Considerations

In addition to materials selection and configuration, particle size and volume frac-
tions of active sites have been shown to affect the capacity of materials, and this
can be traced back to the fact that particle size and volume fractions affect the
mechanical integrity of nanocomposites.

In making volume fractions considerations, only the spherical configurations
was examined, since it exhibited the best mechanical stability; therefore, Egs.
(8.37) and (8.38) were employed [7].
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Figure 8.10 Stability plots for systems with different active site volume fractions; taken
from [7].

8.3.7.1 Information from Stability Index

In order to determine the size of the active sites that will result in a more stable
battery system, we plot the stability index x with respect to the crack radius p, for
b = 1um and varying a. The various stability behaviors obtained for Case 3 are
shown in Figure 8.10. The active sites are taken to comprise of Si, while the matrix
is of soda glass [7].

The more negative the values at which the stability curves start out, the more
stable the system, since a greater energy difference is required for crack growth
to initiate. It can therefore be predicted from Figure 8.10 that smaller active sites
(i-e., smaller active site volume fractions f, where f = a’/b’) result in more stable
anodes, since crack growth is initiated with greater difficulty for such systems.

8.3.7.2 Griffith’s Criterion

On the basis of Griffith’s theory, a crack will continue growing as long as the
energy released (G) during its propagation is greater from the energy (G.) required
to create the new crack surface. By plotting therefore Eq. (8.38) together with the
fracture energy (G,) of the matrix material, which is a material constant, we can
determine the crack radius at which the two energies intersect, and hence, esti-
mate the distance at which crack growth will stop.

Aifantis et al. [7] plotted G for various active site volume fractions together with
G.. The active sites were taken to be Si, whereas the matrix was Y,0s. It can be
seen that the smaller the volume fraction of the active sites, the smaller the dis-
tance at which crack growth stops. Hence, it is again predicted that smaller volume
fractions of the active sites are more stable since they allow for less cracking to
occur. Furthermore, by plotting G and G,, for Si active sites, but different matrix
materials, and constant volume fractions (i.e., a = 100nm, b = 1 um), we can predict
which matrix material allows for the smallest crack propagation distance before
cracking ceases; the results are shown in Table 8.1, where it can be seen that the
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Table 8.1 Distance at which cracking stops for various matrix materials when a = 100nm and
b = 1um; taken from [7].
Material G, (J/m?) Critical crack radius p at which cracking stops (nm)
SrF, 0.36 725
ThO, 25 450
Y,0; 4.6 425
KCl 0.14 840
6 ' \
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Figure 8.11 (a) Griffith’s criterion for exhibiting the capacity fade of nano-Si

various volume fractions (b is kept 1000um),  embedded in sol-gel graphite matrix (taken
of Si nanospheres (with radius a) embedded from [33]); lower Si content has a better

in a matrix; smaller Si volume fractions crack  capacity fade. Theory and experiment are in
less; taken from [7]. (b) Experimental data agreement.

most preferable matrix material, based on these considerations, is Y,0; (that is
why it as used in Figure 8.11). It is noted that in the construction of Figure 8.11,
the number of radial cracks, n, present had to be assumed, as Eq. (8.38) suggests.
It should be emphasized here that example of matrix materials are taken from
compounds with well-known mechanical constants. Not all of these materials have
been examined for suitability in Li-battery applications (i.e. KCI), but do provide a
benchmark for other materials selection protocols.

As seen in Figure 8.11a, Griffith’s criterion predicts that smaller active site
volume fractions allow for smaller crack distances to be attained before cracking
stops. This indicates that low volume fractions will yield better capacity retention
on cycling, since the cracking that leads to capacity fade is minimized. This predic-
tion is in fact in accordance with experimental observations [33] that concluded
that nanocomposites with lower Si content embedded in a sol-gel-graphite matrix
had a significantly higher capacity retention (Figure 8.11D), than the correspond-
ing higher Si content anodes (more information on this material was given in
Chapter 6). Hence, despite the straightforward mechanical formulation, it is in
accordance with experimental data.

In order to more precisely apply the aforementioned mechanics formulations,
respective mechanical experiments must be performed to obtain not only the actual
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mechanical properties of nanomaterials, but also the number n of cracks that form
(here it is assumed that n = 20). It should be noted that even if the actual elastic
modulus value for nano-Si was employed in this section, the qualitative patterns
would remain the same, that is, smaller active sites are more stable and hence crack
growth initiation is more difficult, and they also allow for smaller crack distances.

83.8
Critical Crack Length

In addition to the above volume fraction considerations and use of Griffith’s cri-
terion to determine when fracture will stop, direct use of the opening tensile stress
(Eq. (8.37)) can provide information concerning the critical crack length at which
fracture of the electrode will occur, as well as the size of the active sites that theo-
retically will result in no cracking. In particular, Eq. (8.37) gives us the tensile crack
opening stress as a function of the crack radius (p), for any given material and
geometric parameters. If, however, we set o, of Eq. (8.37) equal to the ultimate
tensile strength of the matrix, and we define all the material and geometric param-
eters, the only unknown we are left with is p. Hence, we can solve numerically for
p to obtain the critical crack radius and corresponding critical crack length, at
which fracture of the electrode will take place for the corresponding system.

In particular, it is of interest to keep the geometric parameters the same, while
we vary the material parameters so that we can obtain which material selections
allow for the greatest critical crack lengths. Such a sample comparison is done in
Table 8.2; Si or Sn are used as the active site, hence E; = 112 GPa and v, = 0.28 or
E, = 44GPa and v, = 0.33, while various ceramics are considered as the matrix.
Two limiting cases are examined: (i) a = 10nm and b = 1um, (ii) a = 750nm and
b =1um. It should be noted that the volume expansion of Si and Sn on maximum
Li insertion is approximately 300%; this corresponds to A = a'’*—a.

Table 8.2 Critical crack length for various ceramic matrices; taken from [7] (material
parameters estimated from CRC Mat Sci & Eng Handbook).

Material Ultimate Elastic Poisson’s Critical crack Critical crack
tensile modulus ratio
strength (GPa) Radius p (nm) for Radius p (nm) for
(MPa) active sites when active sites when
a=10nm a=750nm
Si Sn Si Sn
Al,O, 255 345 0.23 93 76 6509 649.5
B.C 155 450 0.21 123 99 651.6  650.9
BeO 246 400 0.24 97 78 651 649.8
wC 345 700 0.24 87 69 650.4 648.8

Zr0, 175 140 0.23 95 81 651.3  650.4
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Table 8.3 Active site size that results in no cracking when b = Tum [7].

Material Radius (a) (nm) of active site that results in no cracking
when b = Tum

AlLO, 757

B.C 781

BeO 746

WwC 745

Zr0, 758

Unfortunately, the same materials could not be used for both Tables 8.1 and 8.2
since for the materials in Table 8.1, the ultimate tensile strength could be found
in the literature, while for the materials in Table 8.2, the critical fracture energy
(G,) could not be found. It can be seen from Table 8.2 that B,C is the most prefer-
able matrix materials since it allows for the greatest critical crack radius and hence
more electrochemical cycles can be performed before the electrode fractures.
However, it should again be emphasized that these tables provide a benchmark
study as the mechanical properties of appropriate matrix materials are not known.
Moreover, by comparing Si and Sn active sites, it can be seen that Si are more
preferable because they always allow for a longer lifetime of the anode as they
allow for greater crack lengths prior to fracture.

Furthermore, from Eq. (8.37), we can estimate the size of the active sites that
will result in no cracking. When the crack radius (p) equals the radius of the active
site (a), it implies that the crack length (p — a) is zero and hence no cracks are
present. Therefore, by defining the material parameters in Eq. (8.37), where again
0y = ultimate tensile strength, setting p = a, and choosing a particular b, we can
estimate the corresponding radius a that will theoretically result in no cracking.
Such sample results are shown in Table 8.3.

839
Mechanical Stability of Sn/C Island Structure Anode

An alternative materials design that would seem to combine the fracture resistance
of small particles with the electrical connectivity of thin films would be an island
structure, in which the particles of electrochemically active material are physically
attached to a larger substrate to produce “islands” of active materials. This configu-
ration corresponds to the Sn/C composites that were described in Chapter 6,
Section 6.7.1.3 [32, 34], which were shown to have a superior electrochemical
performance as opposed to other Sn/C configurations. Their unique capacity
retention is attributed to the greater mechanical stability this microstructure could
maintain during the continuous volume changes experienced by the Sn on Li
insertion and deinsertion. The advantage of the island configuration relative to the
free standing particles or continuous thin films is proposed to be due to improve-
ments in both electrical connectivity and mechanical stability.
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When islands of active material are attached to larger particles of carbon, the
electrical contact with the current collector can be facilitated as long as there exists
contact between the larger carbon particles. This is significantly easier than
attempting to maintain the electrical connectivity between each individual, free
standing Sn nanoparticle during the volume expansion or contraction in electro-
chemical cycling. The mechanics-based advantage of the island design relative to
the continuous thin film geometry is related to the resistance to delamination
during volume expansions. This resistance to delamination of islands compared
with thin films arises from two sources: the stress reduction associated with free
boundary conditions and the aspect ratio. For a given strain due to island volume
expansion on an infinitely stiff substrate, it is proposed that the critical delamina-
tion compressive stress concept developed in [35, 36] may be adapted to the island
geometry as

__(5E (2HY’
o= 12(1—1;2)( L ) (8:40)

where E is the modulus, v is Poisson’s ratio, H is the island half thickness and L
the island half width. That is, if the compressive stress in the island exceeds the
critical delamination stress, then the island will detach and most likely fail to
contribute to the electrochemical activity. Thus, it can be seen that the aspect ratio
(H/L) is critical to the mechanical stability of the island geometry. In order to test
the idea that the free surface boundary conditions associated with the island
geometry will reduce the compressive stress relative to that in a continuous thin
film, a 2D elasticity solution is pursued for the geometry shown in Figure 8.12.
The stresses and displacement that the island experiences are taken to be given
by the biharmonic Marguerre solutions [37] as

E (_ R +Vd3‘}’) o Gp)—_E ((1+v) &y +d3‘1‘)
1-v2 deldy  dy? ) " RGN dx?dy  dy* )

E (&Y 4V 1+v( 2%
Oy(x,y)= + s Ue(x,y)=

O (x,y)=

1-v2\dx’  dxdy " 1-v\ dxdy
(8.41)
where the energy functional W is of the form
Y = cos(f,x)(Asinh(B,y)+ Bcosh(B,y)+ CB,ysinh(B.y)) (8.42)
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Figure 8.12 Schematical representation of Sn/C island microstructure.
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where 8, = nm/2L (n = odd), and the constants A and B are found from the bound-
ary conditions

0, (x,H)=0,0,(x,0)=0,0,,(x,0)0=0 (8.43)
as
A=0 and B= —£
1+v

where C is found from the definition of the displacement at the island—carbon
interface as a linear function of x so that Ax/L = u,(y = — 2H). Expanding the
displacement as a Fourier series in which C becomes a Fourier coefficient and
thus a function of the Fourier index, n, the various values of C, may be determined
from Eq. (8.44):

' &sin(ﬂnx) dx = ' [u,(—2H)sin(fB,x)]dx (8.44)
-[—L( L —L

where A, as in the previous sections, denotes the unconstrained expansion of the
Sn island.
Hence,

B 320 (v—1)Asin(nr/2)
W (nm)[nmH(1+ v)cosh(nmH/L)— L(v—1)sinh(nzH, L)]

Insertion of the constants of integration in Eq. (8.42) and then in (8.41) allows the
determination of the compressive stress o,,; A is taken to be a proportional func-
tion of the strain associated with the maximum constraint to island expansion, ¢,
A = L. The form of the spatial variation in the normalized compressive stress
along x at y = (—H) for two different H/L values at a given island volume is shown
in Figure 8.13. It may be seen that the average and maximum amplitude of the
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Figure 8.13 Comparing the normalized compressive stress for different H/L values.
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Figure 8.14 In order for the islands to remain attached to the carbon, their height/length
ratio (H/L) must be greater than 0.3.

compressive stress is reduced in value when H/L is large as compared to when it
is small.

Application of the critical stress for delamination (Eq. (8.40)) to this elasticity
solution for the island structure with individual Sn island volume 16.75nm? is
obtained by calculating the average compressive stress in an island. This average
compressive stress is substituted into Eq. (8.40) giving

15E  [2HY
f ZHJ =d 12(1—v2)(T) (643)

8HL2
Rearrangement of terms results in the cancellation of elastic constants or

24(1—v

W‘[ ZHJ‘ O'mdxdy 1 (846)

The result predicts that the normalized average stress must be less than 1 in order
for the particle to be attached on the substrate surface. This approach then predicts
that the particle height to width ratio must be above ~0.3 (Figure 8.14) in order to
prevent the island detachment from the carbon substrate. The implication here is
that for a given percentage of volume change during cycling, an island structure
(height/width = 1) has a greater mechanical stability than a thin film (height/width
< 1).

In this section, it was therefore illustrated that continuum mechanics formula-
tions can be adapted to examine fracture and damage evolution in higher energy
density storage devices such as Li batteries. Although the examples considered
were for anodic materials, since they experience fracture more severely, the same
formulation can be applied for cathodic intercalation materials.

Of course, the optimum goal is the development of theoretical models that can
couple the electrochemical and mechanical effects of electrochemical cycling. The
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approaches that are headed toward this direction are elaborated on in the sequel.
It will be seen, however, that they are more involved and require the use of com-
putation methods.

8.4
Multiscale Phenomena and Considerations in Modeling

Traditionally, only a subset of the phenomena describing the behavior of a battery
has been considered for modeling particular performance criteria. Most com-
monly, the capacity and the charge and discharge behavior are predicted consider-
ing only the transport of Li* ions and charge at the macro- and/or microscale
[38-40]. However, the significant dependency of conduction and reaction param-
eters requires accounting for spatially and temporarily varying temperature fields.
The degradation of the battery performance due to the failure of individual parti-
cles has been the focus of the previous sections in this chapter. This and the fol-
lowing sections are dedicated to multiscale phenomena and the interaction
between transport processes and mechanical effects.

Resolving directly all length and timescales involved in the charge and discharge
process of a battery requires modeling every single particle in the electrodes. As
the size of the particle decreases, the characteristic time of the diffusion process
also decreases. With the typical battery thickness for lithium batteries being
around 100-200pum and the particle size of less than 10um, such an approach
leads to a nearly intractable model that provides limited insight and, when simu-
lated numerically, suffers from a large computational burden. Therefore, only few
studies involve direct numerical simulation approaches. For a two-dimensional
battery model, a numerical framework was developed in [11] to directly predict the
intercalation and mechanical response of particles within the cathode; later this
framework was extended to include an intercalation anode as well [41]. Further-
more, in [42], a three-dimensional microscale model was presented that could
predict the electrochemical performance of batteries with random and periodic
microscale cathode layouts by modeling every cathode particle. However, stress
effects, both internal and external, were not included in this model.

Assuming a separation of length and timescales between macro- and microscale
processes, multiscale modeling methods provide a systematic and efficient
approach to describe the interaction between micro- and macroscale phenomena
(see Figure 8.15). Most commonly, some form of periodic or stochastic microscale
behavior at the microscale phenomena is assumed. Using a mesoscale homogeni-
zation method that accounts for the interaction of multiple particles, microscopic
parameters are averaged over a representative volume element (RVE) and intro-
duced via constitutive models into the macroscale models. Macroscopic parame-
ters may impose boundary conditions on the RVE problem.

A multiscale model was developed by Doyle [38, 39] based on porous electrode
theory that describes the transport of Li ions and charge in the cathode. The
cathode is considered to be a heterogeneous material containing an electrolyte
phase as well as active and nonactive material. Using analytical volume averaging
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Figure 8.15 Multiscale battery model.

techniques, the macroscopic effective material parameters and an effective Li-ion
absorption rate are derived as a function of the volume fraction of the active mate-
rial from a semianalytical spherical particle model. Doyle’s approach [38, 39] has
been recently augmented by Golmon et al. [12] to account for mechanical interac-
tion phenomena. This multiscale model describes the interaction between the
various transport and mechanical mechanisms that are predicted to take place at
the macro- and microscales. The coupling of macroscopic and microscopic strains
and stresses is modeled by an implicit homogenization method based on the Mori-
Tanaka model, which accounts for the interaction between particles in the host
matrix. Numerical studies for liquid electrolytes based on a finite element imple-
mentation of this multiscale model showed that the stress in cathode particles
strongly depends on macroscopic parameters, such as the discharge rate and
external mechanical loads, and confirms previous analyses that the stress in the
particles decreases with their size. In the following sections, we follow a multiscale
modeling approach and focus on relevant mechanical phenomena, their interac-
tion with Li ions and charge transport, and their impact on the battery performance
at the macro- and microscales.

8.4.1
Macroscale Modeling

To simplify the following discussion, we focus on a simple layout of a lithium
battery shown in Figure 8.16. Our model configuration includes an anodic current
collector, a lithium-foil anode, a gel or liquid electrolyte, a porous intercalation
cathode, and a cathodic current collector. The external positive and negative elec-



8.4 Multiscale Phenomena and Considerations in Modeling

Li foil electrolyte porous electrode

external mechanical
forces

current | | | current
I T 1
collector collector
% é
anode separator cathode

Figure 8.16 One-dimensional battery model.

tric terminals are connected to the current collectors. This model can be easily
augmented for secondary (rechargeable) batteries by replacing the lithium-foil
anode with an Li-intercalation anode. As the thickness of the anode-separator-
cathode layer is typically much smaller than its other dimensions, a one-dimen-
sional model is sufficient to model the electro-chemical-mechanical phenomena
of interest.

As Li* ions are inserted into the cathode active material particles, the particles
swell resulting in both particle- and battery-level strains and stresses. Moreover,
external mechanical forces and constraints hindering the expansion of the battery
also result in battery- and particle-level stresses, potentially affecting the discharge
characteristic and lifetime of the battery. The performance of a battery can be
characterized, among other measures, by the potential difference across the battery
as a function of the utilization and discharge current. Utilization is the ratio of the
actual over the maximum Li concentration that can intercalate into the active
cathode material. The capacity of the battery is proportional to the area beneath
the utilization. Particle stresses affect the diffusion of Li into the particles and
therefore the utilization as a function of discharge current. However, numerical
studies [12] have shown that this effect is, in general, negligible. Mechanical
effects, on the other hand, play an important role in the performance, degradation,
and failure of the batteries. In particular, as discussed in detail in Section 8.3,
stress-induced fracture of active particles contributes significantly to the degrada-
tion of capacity on cycling; other effects that contribute to capacity loss, but at
lower levels, are corrosion and evolution of hydrogen and oxygen gas due to side
reactions [25].

The modeling of the coupled electrochemical diffusion and evolution of particle
stresses will be discussed in greater detail in Section 8.5. In the following text, we
briefly describe the phenomena and models at the macroscale that contribute to
the generation of particle stresses and fracture at the microscale.

The macroscopic response of the one-dimensional battery configuration
described above is characterized by the Li* ion concentration in the liquid phase,
¢, the electric potential of the liquid phase, ¢,, the electric potential of the solid
phase, ¢,, and the macroscopic displacements, u. The intercalation of Li* ions from
the electrolyte into the particles is represented by an effective macroscopic pore
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wall flux, jur. The associated swelling of the particles results in a macroscopic
electrochemical eigenstrain e. Following porous electrode theory [25], the elec-
trochemical transport of Li* ions through the electrolyte and the current carried
by the solid and liquid phases are governed by the following transport equations
(Eqs. (8.47)—(8.49)) and constitutive relations (Egs. (8.50)—(8.52)).

In particular, the transport of Li* ions through the electrolyte is due to both
migration and diffusion and is given by

1 0t!

%_V.N_Fi

€ ot F aCl

i-Ve —(1-19) jur =0 (8.47)

where F is Faraday’s constant, N is the Li* ion flux, and € denotes the volume
fraction occupied by the electrolyte and is equal to one in the separator region.
It can be seen that Eq. (8.47) includes two source terms to account for the migra-
tion due to the current i, carried by the electrolyte and for the effect of Li* ions
leaving the electrolyte and intercalating into the solid electrode material. The
transference number, t{, is the percentage of the current in the solution carried
by the Li* ions rather than the anions in solution; the transference number is, in
general, a function of the Li ion concentration, ¢. As Li* ions leave the electrolyte
and enter the solid material, this creates an effective pore wall flux, js. The cur-
rents i; and i, in the solid and liquid phases are governed by Eq. (8.48) and (8.49)
with source terms to account for the effects of Li entering and exiting the phases.

V-ii+F jr =0 (8.48)
Vi, —F jr =0 (8.49)
N= DeffVcl (850)

In the solid phase, Ohm’s law relates the current and electric potential as
i, =—AVe, (8.51)

where A is the electric conductivity. In the liquid phase, the constitutive relation-
ship is defined by a modified Ohm’s law (Eq. (8.52)) that accounts for the effect
of the Li* ion concentration and the temperature, T, on the current i, and potential
2.

iz = —Keff I:V(I)Z —%(1—t8)vh’101:| (852)

The universal gas constant is denoted by R. The effective electrolyte diffusivity and
conductivity in the porous cathode can be computed by analytical or numerical
homogenization methods. Doyle approximates the effective material properties by
the Bruggeman relations [39]:.

Do = €Dy = €77k, (8.53)

Typically discharge and charge processes are either modeled as being current or
potential controlled. At the Li-foil anode, a galvanic process model can be used to
relate the current discharged to the number of lithium atoms that disassociate at
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the anode-separator interface. Under idealized conditions, a Li* ion enters the
electrolyte for every electron that leaves the anode and all current is carried by
the electrolyte. At the cathode current—collector interface, lithium cannot leave
the battery, so the Li ion flux is zero, and the solid cathode material carries all the
current.

To account for the coupling of chemical and mechanical phenomena at the
macroscale, we extended the electrochemical model (Eqgs. (8.47)—(8.49)) to include
mechanical deformations:

V.-o+b=0 (8.54)

where G is the macroscopic stress tensor and b the vector of body forces, which is
of minor importance and will be neglected in the further discussion. Assuming
small deformations and a linear elastic material behavior, we use the following
linear constitutive and kinematic models:

6=Cy:(e—e™) e=%(Vu+VuT) (8.55)

where C is the macroscopic elasticity tensor derived from the microstructural
layout and e is the total macroscopic infinitesimal strain tensor due to the macro-
scopic displacements, u. The effect of the swelling of particles at the microscale
is modeled by the electrochemical eigenstrain tensor, e. Depending on the enclo-
sure of the battery cell, the macroscopic elasticity problem is subject to one of the
following two boundary conditions: either the cell is fixed on both sides preventing
the cell from expanding (this corresponds to the manufacturing consistent case of
Section 8.3.2) or the cell is subject to an external pressure.

The reader may note that only the diffusion of Li* ions and transport of charge
in the liquid phase are explicitly coupled at the macroscale. The coupling of the
other governing equations, in particular the interaction of the diffusion processes
and mechanical deformations, is only through the interaction of phenomena
between the macro- and microscales. The macroscopic problem depends on the
effective pore wall flux, j. and the electrochemical eigenstrain tensor e which
are derived from a microscale individual particle model via homogenization. In
addition, the Li* ion concentration, the potential difference between the liquid and
solid phases, and the macroscopic displacements impact microscale processes as
discussed in the following section.

8.5
Particle Models of Coupled Diffusion and Stress Generation

In Section 8.3, we described the analysis of stress generation and fracture in par-
ticles during electrochemical cycling by noting that the cycling results in the
development of a transformation strain in the Li-active particles. The development
of the transformation strain is due to the diffusion of the Li* ions into and out of
the electrodes during electrochemical cycling. In this section, we look more closely
at models of electrochemical diffusion and the resulting stress generation.
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The analysis of diffusion and stress generation in single particles is valuable,
and has been pursued, from multiple perspectives. Single-particle analyses (i)
serve as an idealization to describe the behavior of actual electrodes, (ii) are accu-
rate representations of simpler electrode systems and companion-controlled exper-
iments, for example, single particles, fibers, and microelectrodes, that are useful
to help understand fundamental phenomena [46, 47] involved with individual
electrode components, and (iii) describe an important scale in the multiscale
modeling of electrodes and overall battery cell performance [12].

In this section we describe the analysis of a single particle, emphasizing the
fundamental physical phenomena (Li* transport, electrochemical reaction kinetics,
and stress generation) and the mathematical formulation of models to simulate
the physical processes under idealized and realistic boundary conditions. There
are various ways by which we could approach this section; for example, we could
describe the general coupling between diffusion and stress in a solid [48-50] and
then specialize these results to situations of relevance in batteries. It is preferred,
however, and more consistent with most battery studies to focus on an individual
spherical particle and describe the coupled electromechanical diffusion and stress
in this context. In continuing, we then describe related connections to other shapes
including more complex (ellipsoidal) and simple (planar film) ones, as well as
structures that are not particle-like (structured nanowires). We step through the
understanding and modeling of the physical phenomena beginning with electro-
chemical diffusion, then the development of stress, and finally the fracture of
particles as a result of the stresses.

The studies overviewed in Section 8.3 [3, 4-7] modeled the chemical strains as
eigenstrains (stress-free strains) without considering the complete connection to
diffusion of Li* ions; they then calculated the resulting internal stresses and
applied fracture mechanics criteria to determine critical conditions for particle
fracture, as was shown. While much of our discussion and analysis is generally
applicable to both cathode and anode materials, we will often refer to Li,Mn,0,
particles (Figures 8.3 and 8.4) when it helps the discussion to be specific. The
development assumes isotropic behavior, an assumption that is commonly used
in the literature and justified for crystalline particles based on the fact that particles
are typically aggregates of randomly oriented crystals.

8.5.1
Li* Transport During Extraction and Insertion from a Host

Consider a cathode particle, for example, Li,Mn,0,, surrounded by an electrolyte.
Extraction and insertion of Li* ions in a cathode particle can be modeled as species
diffusion (Li* ions) in a solid with the surface ion flux determined by electrochemi-
cal reactions at the particle-electrolyte interface. The development described here
follows that of [12, 26, 51]. Specifically, the analysis of Zhang et al. [51] rigorously
treats the diffusion problem for a spherical particle. The study by Zhang et al. [26]
was extended to treat the fully coupled diffusion—stress problem for a spherical
particle with a traction-free surface and constant Li* ion surface flux using a well-
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known analogy to more common thermal stress problems. In [12], the context of
treating the interactions among particles and the matrix in an aggregate is extended
to include a surface traction that depends on the particle interactions in the
aggregate.
The diffusion of Li* ions within the particle can be described by the conservation
equation [20]:
%+V~]:0 (8.56)
ot
where ¢, is the concentration and J is the flux of Li* ions. The flux J can be
written as

J=-c,MVu (8.57)

where M is the mobility of Li* ions and u is the chemical potential. Most of the
existing literature that has studied the coupled diffusion—stress phenomena in
electrodes has assumed an ideal solid solution (in [9, 10], both ideal and nonideal
solutions were considered), so that u is defined as

U=U,+RTInX - Qo (8.58)

where [, is a constant, R the universal gas constant, T the absolute temperature,
X the Li* ion molar fraction, Q the Li* ion partial molar volume, and o, the hydro-
static stress, that is, (01, + 0y, + 033)/3. For a uniform temperature and incorporat-
ing Eq. (8.58), the Li*-ion flux can be expressed as

Qc,
I=—DS(VCS - R; ch) (8.59)

where D, = MRT is the diffusion coefficient. We take the diffusion coefficient
to be independent of the stress but not a function of the state of charge of the
particle. The analysis of Christenson and Newman [9, 10] appears to be the only
one in the literature that incorporates the dependence of the diffusion coefficient
on the state of charge in their analysis. It is interesting that the Li* ion flux only
depends on the spatial gradient of the hydrostatic stress, Vg, but not on the value
of 0.

Equations (8.57) and (8.59) can be combined to describe the diffusion of Li* ions
in the particle as

% _p,(vie,- L ve, Vo, - 2
ot RT RT

Vg, (8.60)

This partial differential equation must be solved subject to an initial condition and
boundary conditions. The initial condition is taken to be ¢, (x, t = 0) = ¢,, while the
diffusion boundary conditions can be of two forms:

potentiostatic (prescribed voltage)

¢, (x,t)=C onx=surface (8.61)

where C is a constant,
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galvanostatic (prescribed current) boundary conditions:

J=j; onx=surface. (8.62)
Finally, the traction must be prescribed on the particle surface:

t, = ouf (8.63)

where 1 is the outward normal to the surface. Most single-particle studies have
assumed that the particle surface is traction free, that is, t, = 0, but Golmon et al.
(2009) [12] incorporated the nonzero pressure boundary condition to use the
single-particle solution in a homogenization approach that models the interaction
among multiple particles in a porous electrode.

8.5.2
Electrochemical Reaction Kinetics

In practice, the boundary conditions on the surface of the particle are determined
by the kinetics of the electrochemical reaction at the surface. In order to help
understand basic phenomena, Cheng and Verbrugge [52] carried out calculations
for constant potentiostatic (voltage) and galvanostatic (current) boundary condi-
tions when there was no coupling between stress and diffusion, for example, when
Vo, =01in Eq. (8.60). In this case, Eq. (8.61) can be solved analytically for a spheri-
cal particle. In [40], constant galvanostatic boundary conditions that incorporated
the coupling between the stress and the diffusion were considered, necessitating
the numerical solution of Eq. (8.60) for a spherical particle.

In [12], an approach similar to that of [9, 10, 26] was followed, and the boundary
condition on the Li*-ion flux was modeled using a Butler—Volmer equation that
expresses the reaction kinetics at the particle surface. The reactions considered
were of the type

insertion
Lit+e + ano4 = Lanzo4 (8.64)

extraction

A Butler—Volmer equation gives the current density as the difference between the
cathodic and anodic currents:

A8 n-U'(eo)

BV(cl,fpl,(pz,cs)=io[cse(” —(cT—cs)e( T »q (8.65)

where n=¢, — ¢,, while i, is the exchange current density:
iO = FkZ (Cmax -0 )Olc (cl)aA (866)

The maximum Li concentration in the solid is denoted by ¢; ¢y U’ is the overpo-
tential, and k, is the reaction rate constant at the cathode-electrolyte interface. The
transfer coefficients oy, and o are typically set to 0.5. The Li*-ion flux at the particle
surface (Eq. (8.62)) is then described by

BV(C11¢11¢2)Cs,surf ) - Fjs =0 (8.67)
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8.5.3
Stress Generation

As shown in Figure 8.4, the diffusion of the Li* ions results in a lattice expansion
or contraction and, therefore, the stresses that develop vary with position and time.
Assuming small deformation and linear elastic behavior, the static equilibrium
equation in the absence of body forces are

Ojji = 0(1,_] = 1,2,3) (868)

with the following constitutive equation:

O = E Ej +( Ev Erk — EQ Cs)(i-j (869)
1+v 1+v)(1-2v) 2(1-2v)

where E and v are Young’s modulus and Poisson’s ratio of the assumed isotropic
particle, respectively. Equations (8.68) and (8.69) show that the effect of Li* ion dif-
fusion enters the elasticity equations in the same manner as thermal expansion
does. In particular, Eqs. (8.57), (8.59), (8.68), and (8.69) describe full coupling
between diffusion and elasticity of the particle. Partial coupling can be described by
a simplified form where Egs. (8.68) and (8.69) remain as they are, but the terms
involving V0, are dropped from the diffusion (Egs. (8.57) and (8.59)). This coupling
physically means that the diffusion of Li* ions affects the stress state in the particle,
but stresses do not alter the diffusion characteristics. We note that in this develop-
ment, only a small deformation of the particle is considered. To the best of our
knowledge, this is the situation considered in all studies in the literature, concerning
this coupling of phenomena, except the work presented in [9, 10]. We have imple-
mented this formalism into a finite element approach to solve the fully coupled
diffusion—stress equations in spherical coordinates [12] for a cathode material.

The authors in [9, 10] considered the finite deformation of a particle that means
that the geometrical changes during deformation are sufficiently large so that the
diffusion and elasticity equations must be solved at any time step on a current
configuration rather than the initial, undeformed configuration. For many cathode
particles with modest volume changes, especially when constrained in an aggre-
gate, the small deformation assumption is likely adequate. It is questionable,
though, when the diffusion-induced strains are large such as in silicon and tin
anodes where volume changes in excess of 100% are expected.

854
Representative Results

We start by simulating the diffusion of Li* ions into a spherical Mn,0, particle
using the above formalism and discuss the resulting concentration and stress
fields through the particle as a function of time. Similar simulation results have
been presented in [52] for one-way diffusion—stress coupling and constant current
or voltage boundary conditions, as well as in [9, 10] for fully coupled behavior
with boundary conditions supplied by the Butler—Volmer reaction kinetics. The

243



244 | 8 Mechanics of Materials for Li-Battery Systems
04 1 D concentration radial stress
' S 0.16
S 0.35 ) ——tau = 0.0071
2 2 014 —tau = 0.0708
= o U tau = 0.1416
5 03 @ —tau=0.2124
§ . 0.12 —tau =0.2832
g 0.25} 8 01
o —
g 02 g 0.08
o =
= 0.15} —tau=02124 2
2 —uozem| 5 08
g O01¢ 1 £ o004
'g c
§ 0.05 1 2 0.02
c
0 —_— . 0 : : : :
0 0.10203040506070809 1 0 0.2 0.4 0.6 0.8 1
nondimensional radius nondimensional radius
o1 tangential stress 014 shear stress
@ 0.15n .
£ o) ; —E
3 00 50" —icgun
£ o.osx\ § 0.1 —fau = 02602
o) of 9] ’
2 {7
8-0.05F [—tau = 0.0071 © 0.08
T o1l [zl 5
s —O01r =8 @ 0.06
©-0.15} —tau=0.2832 g 004l
£ -02 =
2-0.25 g 0.02r
< -03 : : : : 0 —
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

nondimensional radius nondimensional radius

Figure 8.17 (a) Normalized concentration profile along with (b) radial, (c) tangential, and (d)
shear stress profiles for simulations of Li*-ions insertion into a spherical Mn,0, particle with
the surface flux of Li* ions dictated by the Butler-Volmer equation.

parameters used in the simulations of Figure 8.17 are E = 10°N/m?, ¢, = 5000 mol/
m’, r=5um, 1 =4.14V, G = 2000mol/m? and T = 300K.

The development of the concentration profile with time gives rise to a radial
stress that is tensile, maximum at the center of the particle, and decreases to zero
at the particle surface. Over time, the radial stress increases, reaches a peak, and
then decreases and becomes more uniform as the concentration profile becomes
more uniform. These results for the full coupling and Butler—Volmer boundary
condition are in line with [52] which show that in the case of a constant potential,
the radial stress reaches its maximum value at 7= Dt/R* = 0.0574, which shortly
after the ion concentration at the center of the sphere starts to rise appreciably.
The tangential stress, on the other hand, is compressive at the surface and tensile
in the interior of the particle; it is equal to the radial stress at the center and the
center of the particle is in a state of hydrostatic tension. The strong stress gradient
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decreases with time as the concentration profile becomes more uniform. The
shear stress vanishes at the center of the particle and increases as the surface is
approached, but unlike the radial and tangential stresses, its maximum magnitude
occurs at 7 = 0. This behavior can be understood physically as follows. As the
concentration increases in the material near the surface, its natural state is swollen
with respect to the material near the center of the particle, that is, there is a mis-
match in strain. This material constrains at the surface from swelling freely, which
results in a tensile stress near the center of the particle. Over time as the concen-
tration becomes more uniform, the strain mismatch between various regions of
the particle decreases and so do the stresses, as well. On Li* ion extraction, all of
these trends are reversed.

Figure 8.18 shows the simulation results for the surface flux and resulting
stresses in a spherical particle during an applied potential scan of 3.454-4.138V;

Diffusion Flux at Particle Surface

Applied Voltage, v = .342mV/s 5
3% 10 i

J 2l J

Diffusion Flux
I

i 2l i
p -3} p
4 4L 4
3.4 L L L L L L L L -5 L L L L L L L
0 500 1000 1500200025003000350040004500 0 500 1000 1500 2000 2500 3000 3500 4000
time, s time, s

108 Radial Stress at Center of Particle <108 Tangential Stress at Particle Surface

15 T T T T T T : 2 : T T T T T
1 ] 15¢ 1
© 4
© o qf
0 05 1 g |
@ L o5
2 o0 | & 1
() Y
s 1= 1
505 {
]
K g—o.s |
'_
-1 I -1t ]
_15 1 1 1 1 1 1 1 1 —1. 1 1 1 1 1 1 1 1
0 500 1000 1500200025003000350040004500 0 500 1000 1500200025003000350040004500
time, s time, s

Figure 8.18 Simulations of cyclic voltametry: (a) voltage sweep, (b) surface flux of Li* ions,
(c) radial stress at center of particle, and (d) tangential stress at surface of particle.
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this corresponds to cycling the Li,Mn,0, from y = 0.995 to 0.2 [26]. The potential
scan rate is 0.342mV/s with ¢, = 22,785.5mol/m’ and ¢ = 1000mol/m’. These
results are similar to those reported in [51] for diffusion and [26] for diffusion
coupled with stress; indeed an excellent discussion of the diffusion results is given
by [51] and so it is not repeated here.

Figure 8.18b shows the ion flux on the particle surface due to the electrochemical
kinetics for one voltammetry cycle. In this simulation, ions are extracted from the
particle during the first half cycle and so the radial stress at the particle center is
compressive and the tangential stress at the surface is tensile (the opposite of the
results in Figure 8.17). The behavior during the voltammetry cycle is not sym-
metric, even though the applied potential is, as a result of the asymmetry present
in the Butler—Volmer equation. Two peaks appear in the ion flux during each half
cycle. In [26, 51], similar simulation results are observed (in [51], they are com-
pared favorably to experiments) and attribute the peaks to the two plateaus that
exist in the open-circuit potential of Li Mn,0, as a function of y. Peaks also exist
in the stress versus time plots and these are attributed to significant concentration
gradients that occur at the corresponding times during the diffusion process. In
[26], it is shown that the nature of the response can change as a function of dis-
charge rate, for example, the breadth of the peaks, and that higher discharge rates
result in higher stresses.

Figure 8.19 shows the results of a series of simulations to illustrate the effect of
the full coupling between stress and diffusion. Results are shown at 10005 for the
concentration and stresses in the particle for two cases: full coupling and one-way
coupling between stress and diffusion; the latter amounts to the Vo, term vanish-
ing in Eq. (8.59). The concentration profile illustrates that the hydrostatic stress
gradient enhances diffusion as the concentration gradient through the particle
decreases in the presence of stress due to the presence of the stress gradient. The
stress gradient reduces the concentration gradient, which then reduces the stress
and stress gradient and a balance is eventually reached [9]. In [26], it is shown that
stress effectively changes the diffusion coefficient by a multiplier that depends on
the hydrostatic stress gradient. The multiplier is always positive so the diffusion
coefficient is effectively increased due to stress. Simulated stresses are consistent
with the results presented in [9] that show that the full coupling results in reduced
stress gradients of about 20% compared with the one-way coupled simulation,
thus emphasizing the importance of including full coupling in simulations.

The simulations here have been done for a spherical particle and illustrate some
of the features of stress development during insertion and extraction of Li* ions
from particles in porous electrodes. The use of a similar simulation approach to
treat other important issues has appeared in the recent literature and so we briefly
mention some of them here. The basic formalism described consists of a full
coupling between diffusion and elasticity with boundary conditions supplied by
the Butler-Volmer equation that describes the electrochemical reaction kinetics.
Here the basic equations have been implemented in spherical coordinates and
solved with a finite element formulation. The basic equations can be solved in 2D
and 3D Cartesian coordinates as well as 2D polar coordinates to simulate other
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Figure 8.19 (a) Normalized concentration
profile along with (b) radial, (c) tangential,
and (d) shear stress profiles for simulations
of Li*-ion insertion into a spherical Mn,O,

dictated by the Butler-Volmer equation. The
blue and black lines represent one- and
two-way coupling between stress and
diffusion, respectively.

particle with the surface flux of Li* ions

geometrical configurations such as films and rods. In [26], this approach was used
to simulate intercalation in spheroidal particles and the results show that for a
prolate spheroid with an aspect ratio of about 2, the concentration is higher around
the poles, the von Mises stress is highest around the equator, and the shear stress
is maximum on the surface.

Perhaps the most comprehensive studies of intercalation-induced stress are
those of Christensen and Newman [9, 10] who studied both carbon particles
(anodes) and Li,Mn,0, particles (cathodes). In addition to the facets of their analy-
sis that we mentioned already, note that they also include in their work (i) the
effect of a diffusion coefficient that is dependent on the state of charge, (ii) noni-
deal as well as ideal solutions, and (iii) the effect of phase transitions that can occur
resulting in two-phase particles. Stresses that arise in multiphase particles can
exceed those during the intercalation process. They also note that in a porous
electrode, the current density will vary with position (see also [12] for a treatment)
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and this can result in a nonuniform current density at the surface of a particle that
can lead to more severe stress concentrations. Finally, we note that the simulations
presented here assume constant values of most material properties during inter-
calation, and future experimental and theoretical efforts should address the change
of material properties during intercalation and deintercalation.

8.6
Diffusional Processes During Cycling

8.6.1
Multiscale Electrochemical Interactions

As discussed in Section 8.5, the microscale particle model plays a key role in
understanding and predicting the macroscopic behavior of a battery. In particular,
the transport equations (8.47)—(8.49) are coupled via the effective pore wall flux,
Jefr, Which is directly dependent on the microscopic particle surface flux, j,. Using
porous electrode theory, the macroscopic pore wall flux is typically computed as
the average of microscopic fluxes. Assuming a uniform flux for all particles in an
RVE leads to the following simple homogenization equation [39]:

. 3(1-¢),

Jor == J; (8.70)
Note that the effective macroscopic flux is a volume-specific quantity while the
microscopic flux is related to the surface area of the particles. A broad variety of
homogenization methods are available to determine the macroscopic mechanical
properties as a function of the microstructural layout. In general, the effective
macroscopic stress state needs to be evaluated based on the stress fields in the
particles and host matrix of one RVE. Specifically, for the multiscale battery model
described previously and assuming a linear elastic mechanical behavior, this task
can be split up into evaluating the macroscopic material tensor Cs and effective
eigenstrain tensor e, In the framework of a multiscale battery model, Golmon
et al. [12] determined C.q and e based on the Mori-Tanaka theory [43-45]. This
theory is based on a particle agglomerate model and accounts for the interaction
of elliptical particles within in a matrix host.

The Li intercalation and the deformations of the particle depend on macroscopic
properties. As described by Butler—Volmer (Eq. (8.60)), the surface reaction kinetic
is an explicit function of the macroscopic Li* ion concentration and the potential
difference between the electrolyte and the particle. The interaction between the
macro- and microscopic mechanical responses is more involved and highlights
the importance of an accurate mesoscale homogenization model. The surface
pressure acting on the particle stems from macroscale mechanical loads and the
swelling of the particle due to Li intercalation. Often it is assumed that only one
particle swells with an infinite host matrix. Depending on the particle density, this
model may significantly underpredict the surface pressure as it ignores the swell-
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ing of neighboring particles. This effect can be accounted for via homogenization
methods based on periodic or stochastically arranged RVEs. Instead of relating the
surface pressure directly to the swelling of the particle at the microscale, the effec-
tive electrochemical eigenstrain, e, is modeled by homogenizing the deforma-
tions of the particles within an RVE. The surface pressure is then formulated as
a function of the macroscopic stress tensor that depends on the electrochemical
eigenstrain and external loads at the macroscale. As the deformations of the par-
ticle depend on the surface pressure, this approach couples the macroscopic
mechanical response and the homogenization model tightly into the microscopic
particle model.

To illustrate the coupling between macro- and microscale phenomena in a
battery, we present numerical results for the simulation of a single cell using the
1D battery model described previously. The battery consists of a Li-foil anode, a
separator of length d.., = 50 um and a cathode of length .., = 100 um with £ = 30%
liquid volume fraction. The electrolyte is PEO-LiCF;SO; and the active cathode
material is TiS,. We assume spherical particles with a nominal radius of R;= 5 um.
The influence of macro- and microscale parameters on the electrochemical and
mechanical performance is studied by varying the discharge current density and
the particle size. We further illustrate the influence of mechanical parameters on
the battery performance by varying the mechanical boundary conditions. All simu-
lation results are for a single current-controlled discharge process at a nominal
discharge current density of I = 10A/m”. The finite element implementation and
additional studies on this battery model are given in [12].

The discharge current affects both the capacity of the battery and the stress in
the particles. Figure 8.20 shows the effects of different discharge current densities
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Figure 8.20 Discharge characteristics for different discharge current densities; vertical
dashed line marks an average utilization in the cathode of 38.6%.
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Figure 8.21 Maximum hydrostatic stress in solid particles for different discharge current
during discharge densities up to 37% utilization, plotted over cathode.

on battery voltage over utilization. As expected, a higher current density leads to
a lower utilization of the active material and, therefore, a lower capacity. In addi-
tion, a larger discharge current density results in a higher peak hydrostatic stress
in the particles, potently shortening the lifetime of the battery. In Figure 8.21, we
show the peak stress in the particles as a function of location of the particle and
discharge current. The plot shows the peak stress that a particle observes during
discharge to an average utilization of 37% in the cathode. This value is chosen as
this is the maximum level of utilization that could be simulated for all discharge
current studies (see Figure 8.20). Note we only show the cathode and ignore the
separator region, as it does not comprise of active particles.

Reducing the size of the cathode particles significantly enhances the capacity
and lowers the stress level in the particles. This is shown in Figures 8.22 and 8.23
by studying particle sizes between R, = 5 — 20 um. These results are in agreement
with numerical studies [42] and are of particular interest when considering failure
due to particle fracture (see Sections 8.3 and 8.5). In Figure 8.23, we show the
maximum hydrostatic stress in the particles as a function of location and size of
the particle. The plot shows the peak stress a particle observes during discharge
to an average utilization of 70% in the cathode.

To study the influence of the macroscopic mechanical behavior on the battery,
we vary the mechanical boundary conditions. We compare the following cases: (a)
we constrain the macroscopic deformation across the entire thickness of the
battery, (b) we clamp the battery at the anodic and cathodic current collectors sup-
pressing the expansion of the battery, and (c) we apply an external pressure to the
current collector compressing or stretching the battery; pressure values of £10 and
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Figure 8.23 Maximum hydrostatic stress in solid particles for different discharge current
during discharge densities up to 70% utilization, plotted over cathode.

+100 MPa are considered. Suppressing the macroscopic deformations in case (a)
results in the surface pressure on the particle, which is only due to the homoge-
nized electrochemical eigenstrains. Therefore, any effects due to the flexibility of
the separator and the cathode are eliminated. Because of the spherical geometry
of the particles, the assumption of a uniform particle surface pressure, and as the
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Figure 8.24 Volume average hydrostatic stress in particles plotted over cathode for different
particle sizes at t = 6540 s corresponding to 67.27% utilization.

Li-intercalation process only depends on the stress gradient, macroscopic deforma-
tions do not affect the electrochemical performance of the battery. The intercala-
tion in nonspherical particles varies with the particle surface pressure, and the
macroscopic mechanical response will influence the capacity and discharge behav-
ior of the battery.

However, even in the case of the spherical particles, the dependency of macro-
and microscale stresses across the battery on the mechanical boundary conditions
cannot be ignored, as they contribute to failure mechanisms in the battery. The
maximum hydrostatic stress a particle in the cathode observes during the first
65405 is plotted in Figure 8.24 as a function of the particle location. As is expected,
greater external pressure correlates to a higher average particle stress.

8.6.2
Diffusion Stresses in Low Symmetry Composition Fields

Not all electrochemically active materials exhibit Li-concentration fields of high
symmetry. For example, as considered in Chapter 5, FePO, [53] and CoO, [54]
exhibit large anisotropy in the Li-diffusion coefficient that reduces the symmetry
of the concentration field. In addition, there is evidence that the spatial variation
in element compositions in some crystal systems is quasi-periodic and does not
match the solutions to the linear form of Fick’s second law. In these cases, the
stress inside the “body” of a crystal with complicated composition variations
cannot be modeled using an external load on the crystal surface, but must be rather
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described using the consequences of atomic forces within the “body.” As such, the
traditional, two-dimensional plane strain elasticity is modified to account for these
body forces in a manner analogous to the Navier equation for decoupled thermal
stresses. The generalized “body force” associated with the composition (lattice
parameter) variation is

F=-EaVC (8.71)

where o is the lattice expansion coefficient and E the elastic modulus. The body
force potential, V, is related to the body force as

F=-VV (8.72)

The compatibility condition for plane strain relates the airy stress function ¢ to
the body force potential as

VVip=—-(1-v)VV (8.73)

where V?is the two-dimensional differential operator in the x- and y-spatial dimen-
sions; the equilibrium equations for plane strain are then

2

2
o' _9% Ly

%o
—+V, o,=
ox? ' 9xdy

Ow="71V, oy, =
x: ayz v

(8.74)

The solution to Eq. (8.73) is biharmonic with a source term. As an example, con-
sider the case where the composition varies according to

C=C,+ SSin(%) (8.75)

where n is an odd integer and L is the half length of the crystal along the x- and
y-directions. Equation (8.75) defines the body force and body force potential using
Egs. (8.71)—(8.73) such that

V= Eaesin(?)

The solution to Eq. (8.73) must be obtained such that it is consistent with the
stress-free surface boundary conditions. If no external forces are applied to the
crystal surface, then

Ol =0, o-YYlM:L =0, GxYlm:L =0

Given these boundary conditions, we expect the general solution of Eq. (8.73) to
have the form

¢ =sin(Ax)(Acosh(Ay)+ B+ Dysinh(4y)) (8.76)

where A, B, and D are constants to be determined through the stress-free boundary
conditions and
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Once the constants in Eq. (8.76) are determined in a manner consistent with the
boundary conditions, then the stresses and strains may be evaluated through Eq.
(8.74a—c).

8.7
Conclusions

Motivated by Chapter 5 and 6, this chapter illustrated how mechanics can be used
to examine the materials behavior in Li-ion battery electrodes. Moreover, consid-
eration of materials mechanics allows for the design of material structures capable
of long term mechanical integrity and optimum electrochemical performance. The
general conclusions that can be drawn are that smaller volume fractions of active
sites allow for a greater mechanical stability and hence better capacity retention,
while smaller particles allow for a higher capacity. In order to fully utilize the
aforementioned theoretical considerations, it will be necessary to perform appro-
priate mechanistic properties characterization to determine the physical constants

relevant to deformation and fracture.
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