Chapter 20
Negative Electrodes in Lithium Systems

20.1 Introduction

A great deal of attention is currently being given to the development and use
of batteries in which lithium plays an important role. Looked at very simply,
there are two major reasons for this. One is that lithium is a very electropositive
element, and its employment in electrochemical cells can lead to larger voltages
than are possible with the other, less electropositive alkali metals. The second
positive aspect of lithium systems is the possibility of major reductions in weight,
at least partly due to the light weight of elemental lithium and many of its alloys and
compounds.

Although there are now a number of lithium-based batteries available commer-
cially, there is still a large amount of research and development effort under way.
There are two general targets, the achievement of significant improvements in
performance and safety, and a great reduction in costs. Since this technology has
not matured and stabilized, the discussion here focuses upon phenomena and
components, rather than complete systems. This chapter deals with negative elec-
trodes in lithium systems. Positive electrode phenomena and materials are treated in
the next chapter.

Early work on the commercial development of rechargeable lithium batteries to
operate at or near ambient temperatures involved the use of elemental lithium as the
negative electrode reactant. As discussed below, this leads to significant problems.
Negative electrodes currently employed on the negative side of lithium cells
involving a solid solution of lithium in one of the forms of carbon.

Lithium cells that operate at temperatures above the melting point of lithium
must necessarily use alloys instead of elemental lithium. These are generally binary
or ternary metallic phases.

There is also increasing current interest in the possibility of the use of metallic
alloys instead of carbons at ambient temperatures, with the goal of reducing the
electrode volume, as well as achieving significantly increased capacity.
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There are differences in principle between the behavior of elemental and binary
phase materials as electrodes. It is the purpose of this chapter to elucidate these
principles, as well as to present some examples. Ternary systems are discussed
elsewhere.

20.2 Elemental Lithium Electrodes

It is obvious that elemental lithium has the lowest potential, as well as the lowest
weight per unit charge, of any possible lithium reservoir material in an electro-
chemical cell. Materials with lower lithium activities have higher potentials, lead-
ing to lower cell voltages, and they also carry along extra elements as dead weight.

There are problems with the use of elemental lithium, however. These are due to
phenomena that occur during the recharging of all electrodes composed of simple
metallic elements. In the particular case of lithium, however, this is not just a matter
of increasing electrode impedance and reduced capacity, as are typically found with
other electrode materials. In addition, severe safety problems can ensue. Some of
these phenomena will be discussed in the following sections.

In the case of an electrochemical cell in which an elemental metal serves as the
negative electrode the process of recharging may seem to be very simple, for it
merely involves the electrodeposition of the metal from the electrolyte onto the
surface of the electrode. This is not the case, however.

In order to achieve good rechargeability, a consistent geometry must be
maintained on both the macroscopic and microscopic scales. Both electrical dis-
connection of the electroactive species and electronic short circuits must also be
avoided. In addition, thermal runaway must not occur.

Phenomena related to the inherent microstructural and macrostructural instabil-
ity of a growth interface and related thermal problems will now be briefly reviewed.

20.2.1 Deposition at Unwanted Locations

In the absence of a significant nucleation barrier, deposition will tend to occur
anywhere at which the electric potential is such that the element’s chemical
potential is at, or above, that corresponding to unit activity. This means that
electrodeposition may take place upon current collectors and other parts of an
electrochemical cell that are at the same electrical potential as the negative elec-
trode, as well as upon the electrode structure where it is actually desired. This was a
significant problem during the period in which attempts were being made to use
pure (molten) lithium as the negative electrode in high-temperature molten halide
salt electrolyte cells. Another problem with these high-temperature cells was the
fact that alkali metals dissolve in their halides at elevated temperatures. This leads
to electronic conduction and self-discharge.
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20.2.2 Shape Change

Another difficulty is the shape change phenomenon, in which the location of the
electrodeposit is not the same as that where the discharge (deplating) process took
place. Thus, upon cycling the electrode metal gets preferentially transferred to new
locations. For the most part, this is a problem of current distribution and hydrody-
namics, rather than being a materials issue. Therefore, it will not be discussed
further here.

20.2.3 Dendrites

An additional type of problem relates to the inherent instability of a flat interface on
a microscopic scale during electrodeposition, even in the case of a chemically clean
surface. It has been shown that there can be an electrochemical analog of the
constitutional supercooling that occurs ahead of a growth interface during
thermally-driven solidification [1].

This will be the case if the current density is such that solute depletion in the
electrolyte near the electrode surface causes the local gradient of the element’s
chemical potential in the electrolyte immediately adjacent to the solid surface to be
positive. Under such a condition there will be a tendency for any protuberance upon
the surface to grow at a faster rate than the rest of the interface. This leads to
exaggerated surface roughness, and eventually to the formation of either dendrites
or filaments. In more extreme cases, it leads to the nucleation of solid particles in
the liquid electrolyte ahead of the growing solid interface.

This is also related to the inverse phenomenon, the formation of a flat interface
during electropolishing, as well as the problem of morphology development during
the growth of an oxide layer upon a solid solution alloy [2, 3]. Another analogous
situation is present during the crystallization of the solute phase from liquid metal
solutions.

The protuberances upon a clean growing interface can grow far ahead of the
general interface, often developing into dendrites. A general characteristic of
dendrites is a tree-and-branches type of morphology, which has very distinct
geometric and crystallographic characteristics, due to the orientation dependence
of either the surface energy or the growth velocity.

20.2.4 Filamentary Growth

A different phenomenon that is often mistakenly confused with dendrite formation
is the result of the presence of a reaction product layer upon the growth interface
if the electrode and electrolyte are not stable in the presence of each other.
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The properties of these layers can have an important effect upon the behavior of the
electrode. In some cases they may be useful solid electrolytes, and allow electro-
deposition by ionic transport through them. Such layers upon negative electrodes in
lithium systems have been given the name SE/, and will be discussed in a later
chapter. But in other cases reaction product layers may be ionically blocking, and
thus significantly increase the interfacial impedance.

Interfacial layers often have defects in their structure that can lead to local
variations in their properties. Regions of reduced impedance can cause the forma-
tion of deleterious filamentary growths upon recharge of the electrode. This is an
endemic problem with the use of organic solvent electrolytes in contact with
lithium electrodes at ambient temperatures.

When a protrusion grows ahead of the main interface the protective reaction
product layer will typically be locally less thick. This means that the local imped-
ance to the passage of ionic current is reduced, resulting in a higher current density
and more rapid growth in that location. This behavior can be exaggerated if the
blocking layer is somewhat soluble in the electrolyte, with a greater solubility at
elevated temperatures. When this is the case, the higher local current leads to a
higher local temperature, and a greater solubility. The result is then a locally thinner
blocking layer, and an even higher local current.

Furthermore, the current distribution near the tip of a protrusion that is well
ahead of the main interface develops a 3-dimensional character, leading to even
faster growth than the main electrode surface, where the mass transport is essen-
tially 1-dimensional. Especially in relatively low concentration solutions, this leads
to a runaway type of process, so that the protrusions consume most of the solute,
and grow farther and farther ahead of the main, or bulk, interface.

This phenomenon can result in the metal deposit having a hairy or spongy
character. During a subsequent discharge step, the protrusions often get discon-
nected from the underlying metal, so that they cannot participate in the electro-
chemical reaction, and the rechargeable capacity of the electrode is reduced.

This unstable growth is a major problem with the rechargeability of elementary
negative electrodes in a number of electrochemical systems, and constitutes an
important limitation upon the development of rechargeable lithium batteries using
elemental lithium as the negative electrode reactant.

20.2.5 Thermal Runaway

The organic solvent electrolytes that are typically used in lithium batteries are not
stable in the presence of high lithium activities. This is a common problem when
using elemental lithium negative electrodes in contact with electrolytes containing
organic cationic groups, regardless of whether the electrolyte is an organic liquid or
a polymer [4].

They react with lithium and form either crystalline or amorphous product layers
upon the surface of the electrode structure. These reactions are exothermic and
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cause local heating. Experiments using an accelerating rate calorimeter have
shown that this problem increases dramatically as cells are cycled, presumably
due to an increase in the surface area of the lithium due to morphological instability
during repetitive recharging [5]. This is a fundamental difficulty with elemental
lithium electrodes, and has led to serious safety problems.

The exothermic formation of reaction product films also occurs when carbon or
alloy electrodes are used that operate at potentials at which the electrolyte reacts
with lithium. However, if their morphology is constant the surface area does not
change substantially, so that it can lead to heating, but typically does not lead to
thermal runaway at the negative electrode.

20.3 Alternatives to the Use of Elemental Lithium

Because of these safety and cycle life problems with the use of elemental lithium,
essentially all commercial rechargeable lithium batteries now use lithium—carbon
alloys as negative electrode reactants today.

A considerable amount of research attention is now also being given to the
possibility of the use of metallic lithium alloys instead of the carbons, because of
the expectation that this may lead to significant increases in capacity. The large
volume changes that accompany increased capacity present a significant problem,
however. These matters, as well as the possibility of the use of novel micro- or
nano-structures to alleviate this difficulty, are briefly discussed later in this chapter.

20.4 Lithium—Carbon Alloys

20.4.1 Introduction

Lithium—carbons are currently used as the negative electrode reactant in the very
common small rechargeable lithium batteries used in consumer electronic devices.
As will be seen in this chapter, a wide range of structures, and therefore
of properties, is possible in this family, depending upon how the carbon is pro-
duced. The choices made by the different manufacturers are not all the same.
Several good reviews of the materials science aspects of this topic can be found
in the literature [6, 7].

The crystal structure of pure graphite is shown schematically in Fig. 20.1. It
consists of parallel sheets containing interconnected hexagons of carbon, called
graphene layers or sheets. They are stacked with alternate layers on top of one
another. This is described as A-B-A-B-A stacking.

Graphite is amphoteric, and either cations or anions can be inserted into it
between the graphene layers. When cations are inserted, the host graphite structure
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Fig. 20.1 Model of a portion of the crystal structure of graphite

takes on a negative charge. Cation examples are Li*, K, Rb*, Cs*. When anions are
inserted, the host graphite structure takes on a positive charge, and anion examples
are Br, SO427, or SbFg .

The insertion of alkali metals into carbon was first demonstrated in 1926 [8], and
the chemical synthesis of lithium—carbons was demonstrated in 1955 [9]. X-ray
photoemission spectroscopy experiments showed that the inserted lithium gives up
its electron to the carbon, and thus the structure can be viewed as Li* ions contained
between the carbon layers of the graphite structure [10]. A general review of the
early work on the insertion of species into graphite can be found in [11].

Insertion often is found to occur in “stages,” with nonrandom filling of positions
between the layers of the host crystal structure. This ordering can occur in individ-
ual layers, and also in the filling of the stack of layers.

The possibility of the use of graphite as a reactant in the negative electrode of
electrochemical cells containing lithium was first investigated than some 30 years
ago [12]. The experiments were, however, unsuccessful. Swelling and defoliation
occurred due to co-intercalation of species from the organic solvent electrolytes that
were used at that time.

This problem has been subsequently solved by the use of other liquid
electrolytes.

Attention was again brought to this possibility by a conference paper that
was presented in 1983 [13] that showed that lithium can be reversibly inserted
into graphite at room temperatures when using a polymeric electrolyte. Although
not publicly known at that time, two patents relating to the use of the insertion of
lithium into graphite as a reversible negative electrode in lithium systems, at
both elevated [14] and ambient [15] temperatures, had already been submitted by
Bell Laboratories. Royalties paid for the use of these patents have become
very large.
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This situation changed abruptly as the result of the successful development by
SONY in 1990 of commercial rechargeable batteries containing negative electrodes
based upon materials of this family and their commercial introduction as the power
source in camcorders [16, 17].

There has been a large amount of work on the understanding and development of
graphites and related carbon-containing materials for use as negative electrode
materials in lithium batteries since that time.

Lithium—carbon materials are, in principle, no different from other lithium-
containing metallic alloys. However, since this topic is treated in more detail
later, only a few points that specifically relate to carbonaceous materials are
discussed here.

One is that the behavior of these materials is very dependent upon the details of
both the nanostructure and the microstructure. Therefore, the composition and the
thermal and mechanical treatment of the electrode materials all play important roles
in determining the resulting thermodynamic and kinetic properties. Materials with a
more graphitic structure have properties that are much different from those with less
well-organized structures. The materials that are used by the various commercial
producers are not all the same, as they reflect the different choices that they have
made for their specific products. However, the major producers of small consumer
lithium batteries generally now use relatively graphitic carbons.

An important consideration in the use of carbonaceous materials as negative
electrodes in lithium cells is the common observation of a considerable loss of
capacity during the first charge-discharge cycle due to irreversible lithium absorp-
tion into the structure, as will be seen later. This has the distinct disadvantage that it
requires that an additional amount of lithium be initially present in the cell. If this
irreversible lithium is supplied from the positive electrode, an extra amount of the
positive electrode reactant material must be put into the cell during its fabrication.
As the positive electrode reactant materials often have relatively low specific
capacities, e.g., around 140 mAh/g, this irreversible capacity in the negative
electrode leads to a requirement for an appreciable amount of extra reactant
material weight and volume in the total cell.

20.4.2 Ideal Structure of Graphite Saturated with Lithium

Lithium can be inserted into the graphite structure up to a maximum concentration
of one Li per six carbons, or LiCe. One of the major influences of the presence of
lithium is the graphite crystal structure is that the stacking of graphene layers is
changed by the insertion of lithium. It changes from A-B-A-B-A stacking to A-A-
A-A-A stacking. This is illustrated schematically in Fig. 20.2.

The distribution of lithium ions within the gallery space between the graphene
layers is illustrated schematically in Fig. 20.3.
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Fig. 20.2 Difference between the A-B-A-B-A and A-A-A-A-A stacking of the graphene layers
when lithium is inserted. The black circles are the lithium ions

Fig. 20.3 Schematic representation of the lithium distribution in the gallery space in relation to
the carbon hexagonal network in the adjacent graphene layers

20.4.3 Variations in the Structure of Graphite

There is actually a wide range of lithium—carbon structures, and most such materials
do not actually have the ideal graphite structure. The ones that are closest are made
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synthetically by vapor transport, and are called highly ordered pyrolytic graphite
(HOPG). This is a slow and very expensive process. The graphites that are used
commercially range from natural graphite to materials formed by the pyrolysis of
various polymer or hydrocarbon precursors. They are often divided into two general
types, designated as soft, or graphitizing, carbons, and hard carbons [18].

At modest temperatures and pressures there is a strong tendency for carbon
atoms to be arranged in a planar graphene-type configuration, rather than a
3-dimensional structure such as that in diamond.

Soft carbons are generally produced by the pyrolysis of liquid materials such as
petroleum pitch, which is the residue from the distillation of petroleum fractions.

The carbon atoms in their structure are initially arranged in small graphene-type
groups, but there is generally a significant amount of imperfection in their
two-dimensional honeycomb networks, as well as randomness in the way that the
layers are vertically stacked upon each other. In addition there is little coordination in
the rotational orientation of nearby graphene layers. The term turbostratic is gener-
ally used to describe this general type of 3-dimensional disorder in carbons [18].

The three types of initial disorder, in-plane defects, inter-plane stacking defects,
and rotational misorientation, gradually become healed as the temperature is raised:
the first two earlier than the rotational disorder between adjacent layers, for that
requires more thermal energy.

The microstructure of such materials that have been heated to intermediate
temperatures is shown schematically in Fig. 20.4.

At this intermediate stage, the structure contains many small three-dimensional
subgrains.

In addition to containing some internal imperfections, they differ from their
neighbors in both vertical and horizontal orientations. They are separated by
subgrain walls (boundaries) that have surface energy. This subgrain wall surface
energy gradually gets reduced as the individual subgrains grow in size and the
overall graphitic structure becomes more perfect.

The hard carbons, that are typically produced by the pyrolysis of solid materials,
such as chars or glassy carbon, initially have a significant amount of initial cross-
linking, related to the structure of their precursors. In addition, they can have a

Fig. 20.4 Schematic drawing of the microstructure of graphite after heating to intermediate
temperatures
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substantial amount of nano-porosity. As a result, it is more difficult to make these
structural rearrangements and turbostratic disorder is more persistent. The result is
the requirement for more thermal energy, i.e., higher temperatures.

The structure that results from the pyrolysis of carbonaceous precursors depends
greatly upon the maximum temperature that is reached. Heating initially amor-
phous, or soft, carbons to the range of 1,000-2,000 °C produces microstructures in
which graphene sheets form and begin to grow, with diameters up to about 15 nm,
and they become assembled into small stacks of 50-100 sheets. These subgrains
initially have a turbostratic arrangement, but their alignment into larger ordered,
i.e., graphitic, regions gradually takes place as the temperature is increased from
2000 to 3000 °C.

20.4.4 Structural Aspects of Lithium Insertion
into Graphitic Carbons

One of the important features in the interaction of lithium with graphitic materials is
the phenomenon of staging. Lithium that enters the graphite structure is not
distributed uniformly between all the graphene layers at ambient temperatures.
Instead, it resides in certain interlayer galleries, but not others, depending upon the
total amount of lithium present.

The distribution is described by the number of graphene layers between those
that have the lithium guest ions present. A stage 1 structure has lithium between all
of the graphene layers, a stage 2 structure has an empty gallery between each
occupied gallery, and a stage 4 structure has four graphene layers between each
gallery containing lithium. This is discussed a bit more later in this chapter. This is
obviously a simplification, for in any real material there will be regions with
predominately one structure, and other regions with another.

The phenomenon of nonrandom gallery occupation is found in a number of other
materials, and can be attributed to a catalytic effect, in which the ions that initially
enter a gallery pry open the van der Waals-bonded interlayer space, making it easier
for following ions to enter.

However, the situation is a bit more complicated, for there must be communi-
cation between nearby galleries in order for the structure to adopt the ordered stage
structure. This is related to the inter-tunnel communication in the hollandite
structure described in Chap. 13, but will not be further discussed here.

20.4.5 Electrochemical Behavior of Lithium in Graphite

The electrochemical behavior of lithium in carbon materials is highly variable,
depending upon the details of the graphitic structure. Materials with a more perfect
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Fig. 20.5 Typical discharge curve of a lithium battery negative electrode

graphitic structure react with lithium at more negative potentials, whereas those
with less well organized structures typically operate over much wider potential
ranges, resulting in cell voltages that are both lower and more state-of-charge
dependent.

In a number of cases, the carbons that are used in commercial batteries have been
heated to temperatures over bout 2400 °C, where they become quite well graphi-
tized. Capacities typically range from 300 to 350 mAh/g, whereas the maximum
theoretical value (for LiCy) is 372 mAh/g.

A typical discharge curve under operating conditions, with currents as large as
2-4 mA/cm?, is shown in Fig. 20.5.

This behavior is not far from what is found under near equilibrium conditions, as
shown in Fig. 20.6. It can be seen that there is a difference between the data during
charge, when lithium is being added, and discharge, when lithium is being deleted.
This displacement (hysteresis) between the charge and discharge curves is at least
partly due to the mechanical energy involved in the structural changes.

It can be seen that these data show plateaus, indicating the presence of three
ranges of composition within which reconstitution reactions take place. As the
composition changes along these plateaus the relative amounts of material with
the two end compositions varies. This means that there will be regions, or
domains, where the graphene layer stacking is of one type, and regions in which
it has the other. The relative volumes of these two domains varies as the overall
composition traverses these two phase regions. The differences in stacking results
in differences in interlayer spacing, and therefore considerable amount of distor-
tion of the structure. Such a model was presented some time ago by Daumas and
Herold [20].
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Fig. 20.6 Potential versus composition during lithiation and delithiation of a graphite electrode at
the C/50 rate at ambient temperature. After [19]

20.4.6 Electrochemical Behavior of Lithium
in Amorphous Carbons

The electrochemical behavior is quite different when the carbon has not been
heated so high, and the structure is not so well ordered. There is a wide range of
possible sites in which the lithium can reside, with different local structures, and
therefore different energies. The result is that the potential varies gradually, rather
than showing the steps characteristic of more ordered structures. This is shown in
Fig. 20.7. It can be seen that, in addition to varying with the state of charge, the
potential is significantly greater than is found in the graphitic materials. This means
that the cell voltages are correspondingly lower.

It can be seen that there was some capacity loss on the first cycle. The
capacity upon the first charging (that is not useful) was greater than the capacity
in the subsequent discharge cycle. The source of this phenomenon is not yet
understood, but there must be some lithium that is trapped in the structure and
does not come out during discharge. Because of this extra (useless) capacity
during the initially charging of this negative electrode it is necessary to put extra
capacity in the positive electrode. This is unfortunate, for the specific capacity
of the positive electrodes in such systems is less than that in the negative
electrodes. As a result, a significant amount of extra weight and volume is
necessary.



20.4 Lithium—Carbon Alloys 373

2.0
1.8

1.6

1.4

1.2

1.0 Discharge

0.8

0.6

0.4

0.2

0.0 +———7—

Potential / V vs. Li/Lit

T T T
100 200
Capacity / Ah kg

Fig. 20.7 Typical data for the reaction of lithium with an amorphous carbon
20.4.7 Lithium in Hydrogen-Containing Carbons

It is often found that there is a considerable amount of hydrogen initially present in
various carbons, depending upon the nature of the precursor. This gradually disap-
pears as the temperature is raised.

If the precursor is heated to only 500-700 °C, there is still a lot of hydrogen
present in the structure. It has been found experimentally that this can lead to a very
large capacity for lithium that is proportional to the amount of hydrogen present
[21-23]. There is a loss in this capacity upon cycling, perhaps due to the gradual
loss of hydrogen in the structure.

The large capacity may be due to lithium binding to hydrogen-terminated edges
of small graphene fragments. The local configuration would then be analogous to
that in the organolithium molecule C,H,L,. This is consistent with the experimental
observation of the dependence of the lithium capacity upon the amount of hydrogen
present. This would also result in a change in the local bonding of the host carbon
atom from sp” to sp°.

In addition to a large capacity, experiments have shown a very large hysteresis
with these materials [23]. Hysteresis is generally considered to be a disadvantage,
as the discharge potential is raised, reducing the cell voltage.

Hysteresis is characteristic of reactions that involve a lot of mechanical energy as
the result of shape and volume changes. However, in this case it is more likely due to
the energy involved in the change of the bonding of the nearby carbon atoms [23].

The results of experiments performed on one example of a hydrogen-
containing material are shown in Fig. 20.8. It can be seen that there was a very
large capacity loss on the first cycle. The capacity upon the first charging (that is
not useful) was much greater than the capacities in subsequent cycles. As men-
tioned above, this extra lithium must be supplied by the positive electrode. The
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Fig. 20.8 Charge—discharge curves for a material containing hydrogen. After [7]

source of this phenomenon is not yet understood, but there must be a lot of lithium
that is frapped in the structure and does not come out during the first, and
subsequent, discharges.

20.5 Metallic Lithium Alloys

20.5.1 Introduction

Attention has been given to the use of lithium alloys as an alternative to elemental
lithium for some time. Groups working on batteries with molten salt electrolytes
that operate at temperatures of 400—450 °C, well above the melting point of lithium,
were especially interested in this possibility. Two major directions evolved. One
involved the use of lithium-aluminum alloys [24, 25], whereas another was
concerned with lithium—silicon alloys [26-28].

Whereas this approach can avoid the problems related to lithium melting, as well
as the others mentioned above, there are always at least two disadvantages related
to the use of alloys. Because they reduce the activity of the lithium they necessarily
reduce the cell voltage. In addition, the presence of additional species that are not
directly involved in the electrochemical reaction always brings additional weight,
and often volume. Thus the maximum theoretical values of the specific energy are
always reduced compared to what might be attained with pure lithium. The energy
density is also often reduced. But lithium has a large specific volume, so that this is
not always the case.
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In practical cases, however, the excess weight and volume due to the use of
alloys may not be very far from those required with pure lithium electrodes, for it is
generally necessary to have a large amount of excess lithium in rechargeable cells
in order to make up for the capacity loss related to the dendrite or filament growth
problem upon cycling.

Lithium alloys have been used for a number of years in the high temperature
“thermal batteries” that are produced commercially for military purposes. These
devices are designed to be stored for long times at ambient temperatures before use,
where their self-discharge kinetic behavior is very slow. They must be heated to
elevated temperatures when their energy output is desired. An example is the Li
alloy/FeS, battery system that employs a chloride molten salt electrolyte. In order
to operate, the temperature must be raised to over the melting point of the electro-
lyte. This type of cell typically uses either Li—Si or Li—Al alloys in the negative
electrode.

The first use of lithium alloys as negative electrodes in commercial batteries to
operate at ambient temperatures was the employment of Wood’s metal alloys in
lithium-conducting button type cells by Matsushita in Japan. Development work on
the use of these alloys started in 1983 [29], and they became commercially
available somewhat later.

20.5.2 Equilibrium Thermodynamic Properties of Binary
Lithium Alloys

Useful starting points when considering lithium alloys as electrode reactants are
their phase diagrams and equilibrium thermodynamic properties. In some cases this
information is available, so that predictions can be made of their potentials and
capacities. In other cases, experimental measurements are required. Relevant prin-
ciples were discussed in earlier chapters, and will not be repeated here.

Elevated temperature data for a number of phases in the Li—Al, Li—Bi, Li—Cd,
Li—Ga, Li-In, Li—Pb, Li—Sb, Li—Si, and Li—Sn binary lithium alloy systems, made
using a LiCl-KCI molten salt electrolyte, are listed in Table 20.1.

20.5.3 Experiments at Ambient Temperature

Experiments have also been performed to determine the equilibrium values of the
electrochemical potentials and capacities in a smaller number of binary lithium
systems at ambient temperatures [30, 31]. Because of slower kinetics at lower
temperatures, these experiments took longer to perform. Data are presented in
Table 20.2.
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Table 20.1 Plateau potentials and composition ranges of a
number of binary lithium alloys at 400 °C

Voltage vs Li/Li* System Range of y
0.910 Li,Sb 0-2.0
0.875 Li,Sb 2.0-3.0
0.760 Li,Bi 0.6-1.0
0.750 LiyBi 1.0-2.82
0.570 LiySn 0.57-1.0
0.455 Li,Sn 1.0-2.33
0.430 Li,Sn 2.33-2.5
0.387 Li,Sn 2.5-2.6
0.283 LiySn 2.6-3.5
0.170 LiySn 3.5-4.4
0.565 Li,Ga 0.15-0.82
0.122 Li,Ga 1.28-1.48
0.09 Li,Ga 1.53-1.93
0.558 Li,Cd 0.12-0.21
0.373 Li,Cd 0.33-0.45
0.058 Li,Cd 1.65-2.33
0.507 Li,Pb 0-1.0
0.375 Li,Pb 1.1-2.67
0.271 Li,Pb 2.67-3.0
0.237 Li,Pb 3.0-3.5
0.089 Li,Pb 3.8-4.4
0.495 LiyIn 0.22-0.86
0.145 LiyIn 1.74-1.92
0.080 LiyIn 2.08-2.67
0.332 Li,Si 0-2.0
0.283 Li,Si 2.0-2.67
0.156 Li,Si 2.67-3.25
0.047 Li,Si 32544
0.300 LiyAl 0.08-0.9

20.5.4 Liquid Binary Alloys

Although the discussion here has involved solid lithium alloys, similar
considerations apply to those based on sodium or other species. In addition, it
is not necessary that the active material be solid. The same principles hold
for liquids.

An example was discussed in Chap. 3 relating to the so-called sodium—sulfur
battery that operates at about 300 °C. In this case, both of the electrodes are liquids,
and the electrolyte is a solid sodium ion conductor. This configuration can thus be
described as an L/S/L system. It is the inverse of conventional systems with solid
electrodes and a liquid electrolyte, S/L/S systems.


http://dx.doi.org/10.1007/978-3-319-21239-5_3

20.5 Metallic Lithium Alloys 377

Table 20.2 Plateau potentials and composition ranges of lithium
alloys at ambient temperatures under equilibrium conditions

Voltage vs. Li/Li* System Range of y
0.956 Li,Sb 1.0-2.0
0.948 Li,Sb 2.0-3.0
0.828 Li,Bi 0-1.0
0.810 Li,Bi 1-3.0
0.680 Li,Cd 0-0.3
0.352 Li,Cd 0.3-0.6
0.055 Li,Cd 1.5-2.9
0.660 Li,Sn 0.4-0.7
0.530 Li,Sn 0.7-2.33
0.485 LiySn 2.33-2.63
0.420 LiySn 2.6-3.5
0.380 Li,Sn 3544
0.601 Li,Pb 0-1.0
0.449 Li,Pb 1.0-3.0
0.374 Li,Pb 3.0-3.2
0.292 Li,Pb 3.2-4.5
0.256 LiyZn 0.4-0.5
0.219 Li,Zn 0.5-0.67
0.157 Li,Zn 0.67-1.0
0.005 Li,Zn 1.0-1.5

20.5.5 Mixed-Conductor Matrix Electrodes

In order to be able to achieve appreciable macroscopic current densities while
maintaining low local microscopic charge and particle flux densities, many battery
electrodes that are used in conjunction with liquid electrolytes are produced with
porous microstructures containing very fine particles of the solid reactant materials.
This high reactant surface area porous structure is permeated with the electrolyte.

This porous fine-particle approach has several characteristic disadvantages,
however. Among these are difficulties in producing uniform and reproducible
microstructures, and limited mechanical strength when the structure is highly
porous. In addition, they often suffer Ostwald ripening, sintering, or other time-
dependent changes in both microstructure and properties during cyclic operation.

Furthermore, it is often necessary to have an additional material present in order
to improve the electronic transport within an electrode. Various highly dispersed
carbons are often used for this purpose.

A quite different approach was introduced some years ago [32—34] in which it
was demonstrated that a rather dense solid electrode can be fabricated that has a
composite microstructure in which particles of the reactant phase or phases are
finely dispersed within a solid electronically-conducting matrix in which the
electroactive species is also mobile, i.e., within a mixed conductor. There is
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thus a large internal reactant/mixed-conducting matrix interfacial area.
The electroactive species is transported through the solid matrix to this interfacial
region, where it undergoes the chemical part of the electrode reaction. Since the
matrix material is also an electronic conductor, it can also act as the electrode’s
current collector. The electrochemical part of the reaction takes place on the outer
surface of the composite electrode.

When such an electrode is discharged by deletion of the electroactive species,
the residual particles of the reactant phase remain as relics in the microstructure.
This provides fixed permanent locations for the reaction to take place during
following cycles, when the electroactive species again enters the structure. Thus
this type of configuration has the additional advantage that it can provide a
mechanism for the achievement of true microstructural reversibility.

In order for this concept to be applicable, the matrix and the reactant phases must
be thermodynamically stable in contact with each other. One can evaluate this
possibility if one has information about the relevant phase diagrams as well as the
titration curves of the component binary systems. The stability window of the
matrix phase must span the reaction potential of the reactant material. It has been
shown that one can evaluate the possibility that these conditions are met from
knowledge of the binary titration curves.

Since there is generally a common component, these two binaries can also be
treated as a ternary system. Although ternary systems are not explicitly discussed
here, it can be simply stated that the two materials must lie at corners of the same
constant-potential tie triangle in the relevant isothermal ternary phase diagram in
order to not interact. The potential of the tie triangle determines the electrode
reaction potential, of course. An additional requirement is that the reactant
material must have two phases present in the tie triangle, but the matrix phase
only one.

The kinetic requirements for a successful application of this concept are readily
understandable. The primary issue is the rate at which the electroactive species can
reach the matrix/reactant interfaces. The critical parameter is the chemical diffusion
coefficient of the electroactive species in the matrix phase. This can be determined
by various techniques, as discussed in later chapters.

The first example that was demonstrated was the use of the phase with the
nominal composition Li;3Sns as the matrix, in conjunction with reactant phases in
the lithium-silicon system at temperatures near 400 °C. This is an especially
favorable case, due to the very high chemical diffusion coefficient of lithium in
the Li;3Sns phase.

The relation between the potential-composition data for these two systems under
equilibrium conditions is shown in Fig. 20.9 [32]. It is seen that the phase Li, ¢Sn
(Li;3Sns) is stable over a potential range that includes the upper two-phase recon-
stitution reaction plateau in the lithium—silicon system. Therefore, lithium can react
with Si to form the phase Li; 7,Si (Li;,Si7) inside an all-solid composite electrode
containing the Li; ¢Sn phase, which acts as a lithium-transporting, but electrochem-
ically inert matrix.

Figure 20.10 shows the relatively small polarization that is observed during the
charge and discharge of this electrode, even at relatively high current densities [32].
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It is seen that there is a potential overshoot due to the free energy involved in the
nucleation of a new second phase if the reaction goes to completion in each
direction. On the other hand, if the composition is not driven quite so far, so that
there is some of the reactant phase remaining, this nucleation-related potential
overshoot does not appear, as seen in Fig. 20.11 [32].

This concept has also been demonstrated at ambient temperature in the case of
the Li—Sn—Cd system [35, 36]. The composition-dependence of the potentials in the
two binary systems at ambient temperatures is shown in Fig. 20.12, and the
calculated phase stability diagram for this ternary system is shown in Fig. 20.13.
It was shown that the phase Lis 4Sn, which has fast chemical diffusion for lithium
[37], is stable at the potentials of two of the Li—Cd reconstitution reaction plateaus,
and therefore can be used as a matrix phase. The behavior of this composite
electrode, in which Li reacts with the Cd phases inside of the Li-Sn phase, is
shown in Fig. 20.14.

In order to achieve good reversibility, the composite electrode microstructure
must have the ability to accommodate any volume changes that might result from
the reaction that takes place internally. This can be taken care of by clever
microstructural design and alloy fabrication techniques.
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20.5.6 Decrepitation

A phenomenon called decrepitation, thatis also sometimes called crumbling, can occur
in materials that undergo significant volume changes upon the insertion of guest
species. These dimensional changes cause mechanical strain in the microstructure,
often resulting in the fracture of particles in an electrode into smaller pieces.



382 20 Negative Electrodes in Lithium Systems

100

80

60 -

Equilibrium voltage (-50 mV vs. Li)

40 4

20 4 k Discharge

Discharge / Charge Voltage (mV vs. Li)

0 1 1 1 1 T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

Fraction of Electrode Capacity
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This can be a striking, and sometimes disastrous, phenomenon, for it is not
specifically related to fine particles, or even to electrochemical systems. As an
example, it has been shown that some bulk solid metals can be caused to fracture,
and can even be converted into powders by repeated exposure to hydrogen gas if
they form metal hydrides under the particular thermodynamic conditions present.
This is, of course, different from the hydrogen embrittlement problem in metals
with body-centered cubic crystal structures, which involves the segregation of
hydrogen to dislocations within the microstructure, influencing their mobility.

Decrepitation is often particularly evident during cycling of electrochemical
systems. It can readily result in the loss of electronic contact between reactive
constituents in the microstructure and the current collector. As a consequence, the
reversible capacity decreases.

This phenomenon has long been recognized in some electrochemical systems in
which metal hydrides are employed as negative electrode reactants.

Similar phenomena also occur in lithium systems employing alloy electrodes,
some of which undergo very large changes in specific volume if the composition is
varied over a wide range in order to achieve a large charge capacity.

Because of its potentially large capacity, a considerable amount of attention has
been given recently to the Li—Sn system, which is a fine example of this phenom-
enon. The phase diagram of the Li—Sn system shows that there are six intermediate
phases. The thermodynamic and kinetic properties of the different phases in this
system were investigated some time ago at elevated temperatures [37, 38] and also
at ambient temperatures [30, 31, 35, 36]. The volume changes that occur in
connection with phase changes in this alloy system are large. The phase that
forms at the highest lithium concentration, Lis 4Sn, has a specific volume that is
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283 % of that of pure tin. Thus Li—Sn electrodes swell and shrink, or breathe, a lot
as lithium is added or deleted.

Observations on metal hydrides that undergo larger volume changes have shown
that this process does not continue indefinitely. Instead, it is found that there is a
terminal particle size that is characteristic of a particular material. Particles with
smaller sizes do not fracture further.

Experiments on lithium alloy electrodes have also shown that the electrochem-
ical cycling behavior is significantly improved if the initial particle size is already
very small [39], and it is reasonable to conclude that this is related to the terminal
particle size phenomenon.

A theoretical study of the mechanism and the influence of the important param-
eters related to decrepitation utilized a simple one-dimensional model to calculate
the conditions under which fracture will be caused to occur in a two-phase structure
due to a specific volume mismatch [40]. This model predicts that there will be a
terminal particle size below which further fracture will not occur. The value of this
characteristic dimension is material-specific, depending upon two parameters, the
magnitude of a strain parameter related to the volume mismatch and the fracture
toughness of the lower-specific-volume phase. For the same value of volume
mismatch, the tendency to fracture will be reduced and the terminal particle size
will be larger the greater the toughness of the material. The results of this model
calculation are shown in Fig. 20.15 [40].

The magnitude of the volume change depends upon the amount of lithium that
has entered the alloy crystal structure, and is essentially the same for all lithium
alloys. This is shown in Fig. 20.16 [41].
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Fig. 20.15 Variation of the critical particle size as a function of the dilation strain for several
values of the fracture toughness of the phase in tension. After [40]



384 20 Negative Electrodes in Lithium Systems

LI e I e L B
3_ -
7 L i
[}
Q L _
= 25 )
2. L _
I L ]
c
K] " 1
5 of ]
© L _
L\I:/ L _
c - -
o
g) L _
S 1.5 E
o L _
x i ]
i1]
) i (] n
< L i
3 o1f ;
(]
= L _
[ L _
= L _
© L i
& o5k .
0-| coa b v b P by v by v b |-

0 005 01 015 02 025 03 0.35
[Moles of Lithium per cc of Active-Material]

Fig. 20.16 Relation between volume expansion and the amount of lithium introduced into lithium
alloys. After [41]

20.5.7 Modification of the Micro- and Nano-Structure
of the Electrode

Some innovated approaches have been employed to ameliorate the decrepitation
problem due to the large volume changes inherent in the use of metal alloy and
silicon negative electrodes in lithium systems. If that can be done, there is the
possibility of a substantial improvement in the electrode capacity.

The general objective is to give the reactant particles room to “breathe,” so that
they do not impinge upon each other. However, this has to be done so that they are
maintained in electrical contact with the current collector system. Thus they cannot
be physically isolated.

One interesting direction involves the modification of the shape of the surface
upon which thin films of active material are deposited [42]. When the reactant film
is dense, the volume changes and related stresses parallel to the surface cause
separation from the substrate and loss of electronic contact. But if the surface is
rough, there are high spots and low spots that have different local values of current
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Electrodeposited Active Material

Rough Substrate

Fig. 20.17 Schematic drawing of the preferential deposition of reactant material upon protrusions
on the substrate surface

Electrolyte

Metal Substrate

Fig. 20.18 Schematic drawing of electrode with a large number of nanowires

density when the active material is electrodeposited. The deposition rate is greater
at the higher locations, and less elsewhere. The result is that the active material is
mostly deposited at the high spot locations, and grows in a generally columnar
shape away from the substrate. This leaves some space between the columnar
growths to allow for their volume changes during operation of the electrode. This
is illustrated schematically in Fig. 20.17.

Another alternative would be to make separated conductive spots on the surface,
perhaps by the use of photolithography, that become the preferred locations for the
deposition of reactant. By control of the spot arrangement, the electrodeposition can
result in the formation of reactant material with limited impingement, thus allowing
more breathing room when it undergoes charge and discharge.

It has been recently shown that a very attractive potential solution to this cycling
problem is the use of reactant material in the form of nanowires. This is illustrated
schematically in Fig. 20.18.

The particular example has been silicon [43]. Such wires can be grown directly
upon a metallic substrate, so that they are all in good electronic contact. Because
there is some space between the individual wires, they can expand and contract as
lithium is added or deleted without the constraints present in either thin film or
powdered electrode structures. Experiments showed that such fine wires can attain
essentially the theoretical capacity of the Li—Si system.
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20.5.8 Formation of Amorphous Products at Ambient
Temperatures

This chapter has been primarily concerned with understanding the behavior of
negative electrode materials under equilibrium or near-equilibrium conditions,
from which the potential and capacity limits can be determined. Actual behavior
in real applications always deviates from these limiting values, of course.

It was mentioned in earlier that repeated cycling can cause crystalline materials
to become amorphous. The spectrum of materials in which amorphous phases have
been formed under these conditions is now quite broad, and includes some
materials of potential interest as positive electrode reactants, such as some
vanadium-based materials with the general formula RVO,, which R is Al, Cr,
Fe, In, or Y [44].

There have been a number of observations that the operation of negative
electrode materials at very high lithium activities can result in the formation of
amorphous, rather than crystalline, products. The properties of these amorphous
materials are different from those of the corresponding crystalline materials. This is
very different from the amorphization of positive electrode materials under cycling
conditions.

One example is a group of nitride alloys with structures related to that of LizN,
which is known to be a fast ionic conductor for lithium, but in which some of the
lithium is replaced by a transition metal, such as Co, have been found to become
amorphous upon the first insertion of lithium [45-48].

Experimental evidence for the electrochemical amorphization of alloys in the
Li-Si, Li—Sn, or Li—Ag systems was presented by Limthongkul [49]. In the latter
two cases, this was only a transient phenomenon.

Especially interesting, however, have been experiments that gave evidence for
the formation of amorphous silicon during the initial lithiation of a number of
silicon-containing precursors, including SiB3, SiO, CaSi,, and NiSi, [50-52]. The
electrochemical behavior of these materials after the initial lithiation cycle was
essentially the same as that found in Si powder that was initially amorphous. There
was, however, an appreciable amount of irreversible capacity in the first cycles of
these precursors, about 1 mol of Li in the case of SiB3 and the disilicides, which was
evidently due to an irreversible displacement reaction with Li to form one mol of
amorphous silicon. In the case of SiO the irreversible capacity amounted to about
two mols of Li, which was surely related to the irreversible formation of Li,O as
well as the amorphous silicon.

Some of these materials with amorphous Si are of considerable potential interest
as negative electrode reactants in lithium systems, as their charge/discharge curves
are in an attractive potential range, they have reasonable kinetics, and their revers-
ible capacities are quite high. The materials with silicon nanowire structure appear
to be particularly attractive.
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20.6 Protected Lithium Aqueous Electrolyte Systems

20.6.1 Introduction

As can be seen from the discussion thus far in this chapter, the attainment of two
major advantages of the use of lithium negative electrodes, the production of
electrochemical cells with large voltages and low weight, has involved the use of
organic electrolytes. The stability range of aqueous electrolytes is limited by the
decomposition of water.

There is another alternative, however, the use of “protected electrodes.” This
approach has been developed by the firm PolyPlus Battery Co., and involves the use
of thin solid electrolyte ion-permeable membranes to separate lithium metal or
alloy electrodes from an adjacent aqueous electrolyte. This concept was first
publically presented in 2004 [53-55], and is currently being developed for
production.

By the use of these solid electrolyte membranes in series with an aqueous
electrolyte it is possible to make lithium-based aqueous batteries with output
voltages considerably higher than is possible with an aqueous electrolyte alone.

This general scheme involves surrounding the lithium metal negative electrode
reactant by a protective 20-50 pm thick lithium-conducting solid electrolyte mem-
brane, and a gel electrolyte interlayer. This membrane is made of a version of
“Lisicon,” Lij 3Alg 3Ti; 7(PO4)3, which has an ionic conductivity of 7 x 10~* S/em
at 25 °C. This is illustrated schematically in Fig. 20.19.
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Fig. 20.19 Schematic representation of the PolyPlus cell configuration. After [55]
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Since the volume of the enclosed lithium changes during charging or discharging
of such an electrode, the electrode shrinks, and the external seal must remain
protective as the volume of the contained lithium varies. This is accomplished by
the use of a flexible laminate seal material.

The theoretical specific energy of this configuration is high, about 10,000 Wh/
kg, assuming that all of the lithium present can be used.

This type of configuration can be employed with several types of lithium-based
batteries, Li—water primary cells, primary and secondary Li—air cells, and recharge-
able Li-S systems.

The general configuration is illustrated in Fig. 20.20.

As an example, discharge curves at three different current densities for cells
with protected lithium metal electrodes in a neutral aqueous electrolyte are
shown in Fig. 20.21.

If there were no barrier layer separating them, lithium would react with water to
form LiOH and hydrogen.

By protecting the lithium from water, the reaction product of lithium and air is
lithium peroxide, Li,O,,

Li + O, = Li,O, (20.1)

From the Gibbs free energy of formation of Li,O,, it is found that this occurs at a
potential of 2.96 V vs. Li in a nonaqueous solvent. The associated specific energy is
3,450 Wh/kg.
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Fig. 20.21 Discharge curves of protected lithium electrodes at several current densities: (/)
2.0 mA/em?, (2) 1.0 mA/cm?, (3) 0.5 mA/cm? [55]

However, in an aqueous solvent the reaction product is LiOH, from

4 Li + O, 4+ 2H,0 = 4LiOH (20.2)

which occurs at a potential of 3.45 V vs. Li. The associated specific energy in this
case is 3,850 Wh/kg.
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