Chapter 15
Technology of the Li-Ion Batteries

15.1 The Capacity

The irreversible capacity that is measured by the loss of capacity delivered by the
battery during the first cycle (eventually also the second cycle) may have different
causes. For the positive electrode, the loss of capacity during the first two cycles is
often due to the fact that, when the cell is charged for the first time, the
de-intercalation of lithium is accompanied with a structure modification that is
not totally reversible, so that during the first discharge, some lattice distortion
remains, even if the lithium can reenter into the active element of the positive
electrode. As a consequence, some of the Li* ions will remain trapped into
the particles. The irreversible capacity of LiCoO,, for instance, is typically
3-5 mAh g_l. Yet, this loss is relatively small, but it increases for materials that
have a smaller structural stability such as LiNiO,, in which case, the irreversible
capacity raises up to 20-30 mAh g~ '. On the negative electrode side, the cause for
the irreversible loss of capacity is different. In particular, for carbon-based anodes,
the initial irreversibility is due to the formation of the solid-electrolyte interface
(SEI) caused by the reduction of the electrolyte at the surface of the anode. The
exact value of the irreversible capacity in this case depends on the shape, size and
crystallinity of the carbon particles, but it remains in the range 20-30 mAh g~ .
Note that this part of the irreversible loss of capacity is due to the Li* ions that are
trapped in the SEI on the anode, but these Li* ions have been supplied by the
positive electrode during the first charge. On the other hand, Chap. 10 gives
examples of situations where the initial irreversibility is huge, either because of
the destruction of the crystallinity (amorphization) of the anode material during the
first charge (for example: Si), or because of irreversible chemical reactions during
the first discharge (for example: anodes based on alloying/de-alloying reactions).
The irreversible capacity for such anodes is so large that attention is focused on the
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reversible capacity measured after the first or second cycle of the half cell, since it is
the capacity that can be delivered during the life of the battery. In any case, the
coulombic efficiency after the two first cycles for a battery of interest (i.e., already
commercialized or under investigation in research laboratories) is close to 100 %.

15.2 Negative/Positive Capacity Ratio

The negative electrode/positive electrode ratio N/P is also called the balance of the
battery. To understand the importance of this parameter, let us first consider the
case of a negative electrode with initial capacity 100 mAh with irreversible capacity
10 mAh. This means that, in an experience made on a cell with this electrode and
Li-metal as the counter-electrode, the measurements have shown that the formation
of the SEI has consumed 10 mAbh, so that the capacity delivered by the electrode
after formation of the SEI is 90 mAh. For this half-cell, the formation of the SEI has
no consequence, and does not limit the capacity of the half-cell, because the metal-
Li is a reservoir that can provide as much of Li* ions as we need. This, however, is
not true for the full cell. To see the effect, let us consider now the full cell with this
negative electrode, and a positive electrode with an initial capacity 100 mAh and
irreversible capacity 20 mAbh, so that its reversible capacity is 80 mAh. During the
first charge, the capacity of the positive electrode is just sufficient to allow for the
formation of the SEI that consumes 10 mAh, plus fully charge the negative
electrode with an amount of Li* ions corresponding to a capacity of 90 mAh.
Upon discharging, these Li* ions will be delivered by the negative electrode to
the positive electrode, so that only the amount of lithium inside the positive
electrode now corresponds to a capacity of 100-10 =90 mAh. However, a part of
them corresponding to the irreversible capacity 20 mAh will be trapped, so that the
capacity of the battery will be 90-20 =70 mAh, while the negative electrode has a
larger capacity. Therefore, the formation of the SEI has now contributed to a
decrease of the reversible capacity of the full cell.

It might be tempting to increase the amount of active product in the positive
electrode to increase the capacity of the battery. However, this may be not a good
idea. Let us assume for instance that we increase the capacity of the positive
electrode by 50 %. Then the initial capacity of the positive electrode is 150 mAbh,
and the irreversible capacity is 30 mAh. During the first charge, 100 mAh out of the
150 mAh available will be delivered by the positive electrode like before. Actually,
if the charge is stopped at this stage, then, during the first discharge, 90 mAh will
return to the negative electrode. The amount of lithium that the positive electrode
can deliver in the second charge corresponds to a capacity of 140-30 =110 mAh
capacity available to proceed reversibly upon cycling, larger than the 90 mAh that
the negative electrode can absorb, so that the reversible capacity is simply the
reversible capacity of the negative electrode: 90 mAh. However, batteries are used
usually under conditions of deep charging and discharging. In the case of the cell
we have chosen, after an amount of lithium corresponding to 100 mAh have been
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transferred to the negative electrode, further charging will still move the lithium
remaining in the positive electrode to the negative electrode. Since, however, there
is no more room for additional Li in this negative electrode, the lithium will
accumulate at the surface of the negative electrode, and will thus form a Li-metal
film. This effect known as lithium plating, results in a serious threat for the safety of
the battery because of the possible formation of lithium oxides, so that this situation
is actually prohibited. Therefore, the first criterion in the design of a battery is that
the capacity of the negative electrode must be larger than the capacity of the
positive electrode, despite the advantage of a gain in capacity of the battery that a
larger capacity of the positive electrode might induce.

Taking this rule into account, let us see if we can increase the capacity of the
initial battery we has envisioned, by increasing the capacity of the negative
electrode by 50 %, instead of that of the positive electrode. Then we are left with
a positive electrode with capacity 100 mAh, irreversible capacity 10 mAh, and the
negative electrode now has a capacity 150 mAh, and irreversible capacity 15 mAh.
Now, the same considerations as before show immediately that after the end of the
first cycle, the capacity is 100-15-20 = 65 mAh instead of the initial 70 mAh when
the capacity of the negative electrode was only 100 mAh. Therefore the increase of
capacity of the negative electrode has actually led to a decrease of the capacity of
the battery. This is due to the increase of the irreversible capacity due to the
formation of the SEI that increases in the same proportion as the reversible capacity
of the negative electrode, when it is obtained by simply adding active particles
(same size and same shape).

Of course the example we have chosen is oversimplified: there are some
degradations of the capacity upon cycling and in time, also we have assumed that
the loss of irreversible capacity on the anode side was only due to the formation of
the SEI supposed to be stable, and so on. It is sufficient, however, to illustrate the
importance of the choice of the balance of the electrodes to determine both the
safety and the capacity of the batteries.

Since the balance of the battery is a very important parameter, the battery
manufacturers are usually reluctant to communicate on it. The information is
released for the old-fashioned LiCoO,//graphite cell that has been used for
30 years. For a standard “18650” cell (i.e., cylindrical, diameter: 18 mm, length
65 mm), the width of the anode is ~59 mm, slightly larger than the width of the
cathode ~58 mm, so that the condition of a capacity of the negative electrode larger
than that of the positive electrode is fulfilled, with the ratio N/P=1.1.

15.3 Electrode Loading

The electrode loading refers to the quantity of electrode material that is deposited per
unit area of the current conductor foil. This is also an important parameter that needs
to be optimized. Too large loading levels introduce excessive resistance within the
electrode layer and thus limits the electrical current that can cross the electrode, i.e.,
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reduces the rate capability of the battery. On the other hand, decreasing the loading
level increases the rate capability, but it also reduces the mass of active materials and
thus the energy density. Therefore, an increased electrode area is required to
compensate this reduction in order to keep the same capacity, which in turn requires
a larger amount of metal foil on the current collector, and thus a mass penalty that
may be larger than the reduction of the gain of mass associated with the decrease of
the loading. One might wish to decrease the thickness of the metal foil to overcome
this difficulty, but of course, there is a limitation imposed by the need to handle the
foil during the manufacturing process of the battery. We recover here the basic
conflict in Li-ion batteries between high power and high energy. Therefore, the
loading level (in g cm™?) is always a compromise, and its optimization is again
specific to the powder that is used for the electrode, since the effective surface area
also depends on the size and shape of the particles.

15.4 Degradations

The loss of capacity either with cycling (cycle life) or simply with time (calendar
life) has different causes, we review in this section.

15.4.1 Damage of the Crystalline Structure

With the noticeable exception of LiyTisO;,, the active anode materials change
volume when they absorb or release lithium. Upon cycling, this results in a fatigue
of these active materials. In extreme cases, the result is a pulverization of the
particles (see the case of Si anodes, Chap. 10). More often, like in graphite, it
results in micro-cracks, exposing new parts of the particles to the electrolyte, in
particular at the end of deep discharge where the variation of volume is the largest.
The interaction of this new part of the active particles with the electrolyte results in
the formation of additional SEI when the battery is recharged, which requires a
consumption of Li, and thus a decrease of the capacity. Meanwhile the increase of
the SEI leads to an increase of the resistance of the battery, and thus lowers the rate
capability. In addition, this aging of the surface of the particles also results in
modified electrochemical properties and thus aging of the battery.

15.4.2 Dissolution of the SEI

Traces of contaminants can be introduced in the electrolyte during manufacturing.
They also can simply result from dissolved species from the positive electrode. The
reason is that the positive electrode is susceptible to oxidation at the end of charge.
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The dissolved species, in some cases, act as catalysts that dissolve the SEI, in
particular at the end of the discharge where the SEI is less stable. To understand the
consequence of such an effect on the battery, let us return to the same example
similar to the one we used before, with a full cell doted with a positive electrode of
initial capacity 110 mAh, irreversible capacity 10 mAh, so that its reversible
capacity is 100 mAh, and a negative electrode of initial capacity 130 mAh, includ-
ing an irreversible capacity 50 mAh required for the formation of the initial SEI.
After the first cycle, the capacity of the cell is thus 110-10-30 =70 mAh, smaller
than the capacity 80 mAh of the negative electrode as required. Now we assume a
degradation of the positive electrode so that, after 100 cycles, the SEI has been
partly dissolved and the irreversible capacity associated to it has been reduced by
10 mAh. Then, if this is the only modification in the cell, the capacity after
100 cycles has increased to 80 mAbh, just equal to the capacity that the negative
electrode can afford, so that further degradation will result in the formation of a
lithium plating at the surface of the negative electrode, just what we do not want. Of
course, this is an extreme situation, but it illustrates the damage that may result from
the degradation of the cathode if the resulting species dissolved in the electrolyte
dissolve the SEI. It also points to the importance of choosing the couple positive-
negative electrodes so that a stable SEI is formed (see Chap. 1).

15.4.3 Migration of Cathode Species

The dissolved species from the positive electrode can also migrate from the positive
to the negative electrode. In this case, they can undergo reduction and produce
additional surface layer. An example is the dissolution of manganese into the
electrolyte in case of the LiMn,0, spinel. As any chemical reaction, this oxidation
accelerates with temperature. The experience has been made after a hot summer in
the USA, where the electric cars equipped with this anode were recalled by the car
maker for change of the batteries out of use. In more dramatic cases, met in
particular with Ni-rich layered metal oxides, the oxygen may be released
form the positive electrode, move to the carbon anode with which it will react to
form C02

15.4.4 Corrosion

Any residual presence of water will engender corrosion of the collectors. The
lithium salt used in the Li-ion batteries is normally LiPFg, which has a very good
conductivity, and presents the advantage of protecting the collector in aluminum
from corrosion. However, it reacts with water to form hydrofluoric acid HF that is
very corrosive and thus attacks metallic collectors according to the reaction:
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LiPFs + 4H,0 — SHF + LiF + H;PO,. (15.1)

It is thus primordial to take care during the manufacturing of the battery to avoid the
introduction of any trace of water.

15.5 Manufacturing and Packaging

The components of a cell are the two electrodes, the separator, and the electrolyte.
The choice and role and choice of the separator have been reviewed in the chapter
devoted to the safety. In this section, we review the different steps to assembly these
elements in the manufacturing of the cells.

15.5.1 Step 1: Preparation of the Active Particles
of the Electrodes

The synthesis of the active particles used as active elements of the electrodes, and
their performance depending on the size, shape, composition, is the topic treated in
the chapters devoted to anodes and cathodes. We have shown in these chapters that
the active particles for both the positive and the negative electrodes are now
nanoparticles. The technology of the nanoparticles is a domain in itself, and we
engage the reader to read specialized books devoted to the subject [1]. We thus
assume here that the step of the preparation of the active nanoparticles is achieved.
In the chapters devoted to the positive and negative electrodes chapters, however,
the electrodes were built with homogeneous powder since the purpose was to test
the active elements and to compare their electrochemical properties. We have seen,
however, that each material has its advantage and inconvenience, so that the choice
depends on the application of the battery. In many applications that rely on Li-ion
batteries for energy storage, the nominal duty cycle consists of a long-duration base
load (typically to support ancillary or standby functions) punctuated by shorter
durations of higher power demand for events such as physical actuation or com-
munication uplink [2—4]. In the absence of electrode materials that can deliver both
very high energy specific energy as well as high-rate capability, this type of power
profile has led system designers to select either lower energy density systems that
can support high discharge rates, or to specify dual-rate hybrid energy storage
systems that use two independent storage devices: one low-rate high energy, the
other high-rate low energy [5-7]. This solution leads to increased complexity at the
systems level, where separate charge control electronics, packaging and wiring are
needed. There is, however, another possible solution: a dual-rate hybrid battery that
is based on two different active cathode materials that are incorporated into the
same positive electrode structure and work in concert. The approach is not new, as
there are many publications, both in the academic and patent arenas, which describe
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the idea in different forms. For example, several groups have examined mixing
layered LiMO, (M = Ni, Co, Mn) and spinel LiMn,QOy, in the same cathode structure
[8—10]. Other groups examined mixing LiMO, and Li,RuQOj; in a similar fashion
[11]. A use of LiFePO,4:LiCoO, multi-layered structure has also been proposed to
increase cell tolerance to overcharge [12]. A US patent covers a broad range of
possible electrode compositions and describes in detail specific cathode active
material blends, including mixed LiMO, layered materials hybridized with
LiMPQO, materials [13]. This is a process increasingly popular for the positive
electrode. For instance, the carbon-coated LiFePO, is known to be the safest
cathode element, and it can deliver very high power up to 50C rate [14, 15]. This
is thus the best cathode active element for batteries in hybrid vehicles for instance
[16, 17], since this battery should be able to support a large C-rate upon charging to
recuperate the maximum energy during the braking phase, and fast discharge during
accelerations of the car. The energy density of LiFePO,, however, is rather small,
since the operating voltage is 3.5 V, and the capacity is 160 mAh g~ '. This is a limit
for use in electric cars, since the driver wants the largest possible autonomy. For the
lamellar compounds, it is just the opposite: they are not safe, have poor rate
capability, but large capacities. In particular, the pseudo-binary system xLi
[Nip sMng 5]O5:y[Li[Lig33Mng67]0, has been found to have particularly large
capacities, reaching 250 mAh gf1 for x=y=0.5, i.e., for Li[Lig ;7Mng 5gNig 5]
O, (when charged to 4.8 V) at low C-rate [18-20]. Therefore, it is tempting to build
a positive electrode in which both of these active elements are present to find a
compromise between their advantages and disadvantages. There are three different
means of preparing this electrode, shown in Fig. 15.1 [21]. The two active materials
can be (a) completely mixed in a single monolithic electrode; (b) segregated into
two different areas; (c) layered with the LiFePO, at the bottom, i.e., in contact with
the aluminum in all these cases. The tests performed on the cells with the electrodes
prepared in the three configurations have shown that it is less advantageous to mix
or layer the two active elements. This is easily understood as follows. When the Li

Completely mixed

Segregated

Layered

Fig. 15.1 The different means of preparing a Li[Lig ;7Mng sgNig»5]O- electrode
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[Lig.17Mng 5gNig25]O, and the LiFePO, are mixed intimately, all the particles are
forced to be equipotential with their neighboring particles because they are in
electrical contact via the high surface area conductive diluents. The consequence
is an increased degree of overall electrode polarization, though the higher conduc-
tivity of the C-LiFePO, material was still able to combat severe polarization to
some degree, as it likely offered a direct conductive route through the thickness of
the electrode.

The layered case is more extreme: here both the electronic and the ionic
conductivities of both of the constituents are manifested, as the C-LiFePOy is not
present throughout the electrode to aid in electrical conductivity. All cell current is
then forced to pass through the Li[Liy ;7Mng 5gNig »5]O, material, damming the rate
capability of the electrode.

On the other hand, in the case of the physically segregated electrodes, the entire
Li[Lig.17Mnq 5gNig »5]O, electrode can be polarized as a single body under higher
discharge rates, thereby driving most current through the LiFePO, electrode. In this
case, it s not requisite that all of the Li[Lij ;7Mng 5gNig25]O, and LiFePO, active
particles be held at the same potential within their separate electrodes.

In conclusion, mixing two active materials with disparate rate capabilities into a
composite electrode is not equivalent to placing the electrodes in parallel at either
an electrode or cell level. The best electrode configuration consists of segregated
active materials contacting a common current collector. This arrangement allows
the high-rate material to contribute fully under high current loads, without suffering
the significant polarization effects associated with the low-rate material. This
configuration is most similar to putting separate cells made using pure positive
electrodes of the specific materials in parallel at the circuit level, a solution that is
less appealing for applications requiring compact energy storage devices and
simple charge control electronics. The voltage profile of the Li
[Ligp.17Mng 5gNig »5]O,—carbon coated LiFePO, in 50:50 wt% ratio built in this
configuration with Li metal counter-electrode is shown in Fig. 15.2. The results
were obtained by spray-deposition of the powders mixed in NMP solvent bath with
10 wt% binder and 10 wt% carbon black conductive diluents (see the next step
devoted to the preparation of this laminate). The data were collected after several
low-rate formation cycles were completed on the cells to encourage electrode SEI
stabilization. One recognizes the voltage plateau at 3.45 V corresponding to the
contribution of the LiFePO, part, to which is superposed the contribution of the Li
[Lig.17Mng 5gNig5]O, component. A battery obtained by assembling such cells
delivers over 700 W/kg at low rates and 300 W kg ' at the rate of 3C.

15.5.2 Step 2: Preparation of the Electrode Laminates

The preparation is similar for both electrodes. First a conductive agent (usually
carbon, acetylene black) is added to the powder in order to absorb the dilatation-
contraction of the particles, and improve the electrical conductivity of the powder.
Then a binder is added to plasticize the electrode, so that it can be handled.
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15.5.2.1 The Binder

The typical binder is the polyvinylidene fluoride (PVdF). In the cell manufacturing
processes, N-methyl-2-pyrrolidone (NMP) is generally used as a solvent to dissolve
the PVdF binder. Despite the widespread use of NMP, it has some disadvantages
such as high cost, environmental issue associated with NMP recovery, and the
severe processing control of the relative humidity (to be <2 %) to avoid the
corrosion effects discussed earlier in this chapter. Also, the PVdAF has strong
binding strength, but low flexibility. The low flexibility can easily deteriorate
cycle life characteristics of the battery due to the breaking of the bonds between
active particles when important expansion/contraction process occurs during charg-
ing and discharging process. Therefore, a new trend is being developed to substitute
the PVAF binder by another binder having a better elasticity to absorb the expansion
and contraction stresses during cycling, in particular in anodes [22, 23]. In the case
of Si-anodes, in particular, where the change of volume upon insertion or
de-intercalation of lithium is very high, PVdF does not lead to good results. In
such a case, the selection of a more flexible binder is very important for the
electrochemical performance of anode electrodes [24-27]. So far, candidates for
various new binders for Si anodes have included styrene butadiene rubber-sodium
carboxymethyl cellulose (SBR-SCMC), sodium carboxymethyl cellulose (SCMC),
polyamide imide (PAI), and polyacrylic acid (PAA), polyimide (PI), algae, among
others [27-35] (see also Chap. 10).

Other reasons have been brought up to substitute PVdF: safety aspect of the battery,
its high cost [36, 37]. Fluorine is one of the degradation products in the battery that
produces stable LiF. Depending on liquid electrolytes, the formation of LiF and
other harmful products with double bond (C=CF") is accelerated [38—40].
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Further, self-heating thermal runaway can be induced. With respect to safety, a binder
such as PVdF, which is soluble in organic solvent, is dangerous to humans and the
environment. Consequently, many efforts have been done to identify suitable alterna-
tive non-fluorinated binders soluble in agent friendlier than an organic solvent. Such
aqueous binders have been successfully tested and are increasingly popular for the
negative electrode materials [23, 37] since some time. Their advantages are as follows:
(1) low cost, (2) no pollution problem, (3) enhancement in the active material ratio in a
cell owing to the reduction of binder content, (4) no requirement for strict control of the
processing humidity, and (5) fast drying speed in electrode fabrication. SBR/CMC
composite agent is the most popular aqueous binder, where styrene-butadiene rubber
(SBR) is the primary binder, and sodium carboxymethyl cellulose (CMC) is the
thickening/setting agent. Nowadays, some elastomers are commercially used as a
binder for anodes in Li-ion batteries.

Recently, effort has started in the preparation of the positive electrode slurry as
well [41]. However, the transition from nonaqueous to aqueous coating process has
encountered some unexpected difficulties related so slurry formulation, viscosity
control and film processing, which must be overcome for successful implementa-
tion in Li-ion batteries. Looking as an example the at the case of LiFePO4 which is a
recently commercialized positive electrode, we find that the compatibility of the
elastomer binder compared to the PVdF binder, and how they connect or interact
with the LiFePO, particles is different. Figure 15.3 illustrates the binding models
with elastomer and PVdF binders. Regarding the CMC, it is very difficult to observe
it directly in the electrode structure. We speculate that very thin CMC layer is
coated at the active material of LiFePO,, and some part acts as a rigid binder.
During the aqueous slurry preparation process, the CMC is very important as a
thickener to control the viscosity, but after coating the CMC stays almost
unchanged in the electrode. CMC is an electrochemically inert part in the electrode
and then eventually has no significant role in the dried electrode. We consider that
the elastomer contacts quite a small surface area of each particle. This contact is
enough to ensure good binding and still gives flexibility to the electrodes. The high
flexibility is confirmed by the smaller electrode density when CMC is used instead
of PVdF with the same active particles, and the elastomer was found to be twice

Elastomer PVdF

Active
material

Fig. 15.3 Illustration of the binding models with (a) elastomer and (b) PVdF binder
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more flexible than the PVdF [41]. Thus, the binder absorbs the expansion and the
contraction of the active particles during the repeated charge and discharge since its
flexibility is increased, so a battery having improved cycle life characteristics can
be fabricated. In contrast, PVdF contacts a larger surface area that affects the
electrode flexibility and battery cycling life. Moreover, the elastomer shows good
oxidation stability up to 6 V, while PVdF shows degradation at 5.4 V. Therefore,
this elastomer can be used as a binder for the next generation of 5 V-negative
electrodes, while PVdF cannot be used with them, since PVdF oxidation forms a
degraded fluorinated polymer, and then eventually to HF [41]. Even at the higher
voltage where the elastomer degrades, the main degradation product is based on the
aromatic hydrocarbon structure. This then should be the future binder not only for
the negative, but also for the positive electrodes as well. However, the drawback of
the aqueous suspension is the tendency of the powder to agglomerate because of the
strong hydrogen bonding and electrostatic interactions [42]. Therefore, attention
must be paid in implementing elastomers to control the dispersion in order to avoid
the agglomeration during the preparation of the slurry. The typical mass of active
materials, binder, and carbon black in dry components ranges from 75 to 90 %, 5 to
10 %, and 5 to 15 %, respectively.

15.5.2.2 Deposition on the Current Collector

The mixing of the active power, the carbon additive, and the polymer binder
dissolved in a solvent is done by a planetary mixer. At the exit of the planetary
mixer, the mixture that has the consistency of an ink must be deposited on the
aluminum foil (positive electrode) of copper (negative electrode). This can be done
by casting, coating of printing processes.

(a) Casting. Tape casting can be used to produce films as thin as 5 pm, while the
typical thickness after drying is in the range 1.3-25 pm [43]. In this process,
the slurry for the positive electrode is poured in a reservoir behind a “doctor
blade” tool [44], and then cast on a moving Al foil carrier. When the slurries
pass under a doctor blade, they will display a lower viscosity under the shear of
the blade and a higher viscosity downstream from the blade. This prevents the
slurries from spreading out of the cast region. The thickness of the wet film is
given by the gap between the doctor blade and Al foil and the speed at which
the Al foil moves. After the casting, the wet electrode is moved is dried so that
the solvent is evaporated from the surface. At this stage, the pre-dried tape is
transferred in a vacuum oven for further drying. The drying process is due to
two mechanisms: evaporation of the solvent from the surface, and diffusion of
the solvent through the tape to the surface. The fastest way to dry a tape is to
heat the bottom of the tape without heating the air to enhance the solvent
mobility in the tape, but the drying rate remains small enough so that the
solvent concentration remains more or less uniform throughout the tape during
the drying process.



596 15 Technology of the Li-Ion Batteries

Fig. 154 Image of the
positive electrode formed
by the deposition of the
slurry onto an aluminum
foil from a reservoir through
a slot-die under hydraulic
“pump” pressure

(b) Coating. The coating is quite an important process. The reader that wants more
details can consult a book of 784 pages [45] devoted to the problem. Here, we
simply give the basics of the process concerning the manufacturing of Li-ion
batteries. Slot-die coating is another means of preparation of the negative
electrodes [46]. In this process, the coating is squeezed out from a reservoir
through a slot-die under hydraulic “pump” pressure onto a moving aluminum
foil (Fig. 15.4). The slot is oriented perpendicular to the direction of aluminum
foil movement. The success to obtain a uniform film is conditioned by the
stability of the coating bead that fills the gap between the slot-die and the
aluminum foil. The coating speed can be increased by applying vacuum
underneath the coating bead [47]. The horizontal position of the slot-die
provides the best combination of air purging at start-up and clean operation
that are mandatory to make sure that the deposited film is free of any impurity.
Indeed, one advantage of the slot-die method is the low contamination of the
coating layer, as the entire slurry flow path is sealed against the environment
until the slurry reaches the aluminum foil. Another advantage of this process is
that it is contact-less because there is no doctor blade resting on the substrate,
it generates no additional tensile stress in the substrate foil. Also, the coating
thickness is determined by flow rate and web speed rather than gap thickness,
which facilitates the obtaining of a uniform and defect-free film. The optimum
operating coating parameters have been investigated in [48]. The limits of the
method have been studied by Lee et al. [49]. In particular, the higher viscosity
decreases the maximum operational coating speed above which the coating
fails. Note this viscosity depends on the choice and concentration of the
binder, but also on the size and shape of the active particles, so that it is
specific to each slurry. The minimum coating thickness is also related to
capillary number. One reason for the failure above the maximum speed limit
is that air en entrained [50]. Air entrainment may also happen for other
reasons, when the dynamic contact angle reaches 180° [50], surface roughness
of the substrate [51], surface tensions of the liquid [52].

(c) Printing. Printing techniques (gravure or silkscreen printing, flexography) can
also be used. In this case, the deposition is done by rollers covered with the
ink-like slurry. After passage through a drying tunnel, the solvent has
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evaporated, and a dry electrode roller is obtained. The most popular printing
process is the screen printing, which is simple, highly reproducible, and
efficient in large-scale production [53]. In addition no post-annealing is
needed [54]. Like in the previous processes, a key issue is the obtaining of a
homogeneous and stable paste with the appropriate viscosity. Also, it is
important to optimize the adhesion strength between the substrate and the
printed thick film. Otherwise, the film can delaminate.

A method tested on LiCoO, to increase the adhesion strength is the introduction
to the slurry of a bis-phenol epoxy, plus dicyandiamide serving as a curing agent to
remove the epoxy ring, in epoxy over dicyandiamide ratio 1/0.1 [55]. However,
epoxy tended to segregate while curing and increased the surface roughness of the
film. This problem could be overcome by adding ethyl cellulose resin to the paste,
with a ratio of epoxy/ethyl cellulose of 1/3.

15.5.2.3 Roll Pressing Process

After deposition of the film, the strip of the electrode must be compressed, decreas-
ing from 70 to 20—40 % the porosity, another important parameter that needs to be
adjusted: the porosity must be large enough to allow for a good contact between the
particles and the electrolyte, and thus a large effective surface area available for the
electrochemical reactions; but is has to be small enough so that it does not impair
the electrical contact between the active particles and the current collector. First, the
edges of the strip are trimmed away to remove creases arising from thickness
differences between coated and uncoated areas. The next step is to divide the
strip lengthwise to obtain the electrode. Then, the electrode is preheated before
introduction into the roll, so as to press the electrode well. A non-woven cleaning
process removes impurities from the electrode surface, and finally, this electrode is
wound onto a roll while maintaining tension.

15.5.3 Assembly Process

The winding process produces a jelly roll by attaching a tab to the electrode and
placing the separator between the two electrodes followed by cylindrical winding.
Ultrasonic welding is used to attach an aluminum and a nickel tab to the positive
electrode and negative electrode, respectively. The reforming center process
removes creases at the center of the jelly roll, and creates space to insert the welding
tip. At this stage, the jelly roll is tested. Its electrical resistance is measured to check
that it is larger than tens of MQ. If the cell that is going to be manufactured is of
cylindrical shape, the jelly roll is now ready for insertion in the can. However, when
packs of many cells are required to make a battery, like in the case of electric
vehicles, for instance, the cylindrical shape is not the most convenient because of
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Lithium-ion lonic Liquid

Polymer Battery

Fig. 15.5 (a) Li-ion flat aluminum bag cell (Ionic liquid/polymer type) with an active surface area
of 104 cm? and (b) prismatic 20-Ah Li-ion cell (A4 format)

the low packing density. For this purpose, the cells are rather prepared in prismatic
shape, in which case the jelly roll is pressed before insertion in the can (Fig. 15.5).

The jelly roll is inserted in the can to a certain depth that is controlled by X-ray
inspection. The anode tab is bent for welding to the floor of the can. In the assembly
of a cylindrical cell, the beading process creates a bent groove for the gasket to
reach the top the can.

It is then time to inject the electrolyte. In the process, the internal pressure is kept
lower then the atmospheric pressure, and the electrolyte is allowed to be impreg-
nated into the jelly roll by introducing air into the can. After the electrolyte
injection, electrolyte surrounding the electrode tap and beading area is wiped
with a non-woven cleaning. Finally, the gasket is inserted.

The negative electrode tap welding process includes the bottom of the current
break assembly. The current break is enabled by ultrasonic welding of the central
area of the safety vent assembly (see Chap. 14).

The crimping process applied pressure to the top part of the battery containing the
current break assembly, the positive temperature coefficient (PTC) and cap-up. After
sealing the current break, the PTC, and the cap-up either soldered shut by a laser beam
or into a heat-sealed soft pouch, the crimped cell is pressed to maintain a constant
height. The cell is ready for inspection by X-rays to check for any defect and verify the
internal assembly of all these elements. After washing with water to remove electro-
lyte and any impurity at the surface, the cell is dried to eliminate moisture. Finally, the
battery in imprinted with the manufacturing factory, line number and date.

15.5.4 Formation Process

Since the SEI is formed during the initial charging, it is of primary importance for
the future performance and the life of the battery that the first cycles to be done
according to a protocol that permits the SEI to be well formed and stabilized to
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Fig. 15.6 TEM images showing the SEI formation onto the surface of graphite electrode.
(a) Fresh electrode, (b) after discharge at 1.2 V and (c) after discharge at 0.05 V. White and red
arrows indicate the edge of graphite and SEI layer, respectively

avoid decomposition of the electrolyte (Fig. 15.6). That is this formation test is
made by the manufacturer, and must then be considered a part of the manufacturing
process. Some of the faulty cells can also be detected during this procedure, because
the main cause of failure is internal short-circuits, leading to drop in the open circuit
voltage and discharge capacity. These faulty batteries are discarded, and the
tolerance on the capacity is small, because when they are connected in parallel or
in series inside a pack, they must have the same characteristics, and in particular the
same capacity within 3 %. Therefore, when the battery has been prepared by
following the previous steps described in Sects. 15.4.1-15.4.4, it is fully charged
and stabilized for few hours. After elimination of any faulty cell, the fully charged
cells are then kept under constant temperature and humidity for a month and
controlled. Then the battery is fully discharged to check for its capacity, and the
battery is classified according to its discharge capacity, one level corresponding to
3 % discharge capacity. The battery is now ready to be commercialized, and in the
discharged state.

15.5.5 The Charger

The first task of the consumer after he/she has bough a battery is then to charge it.
This operation is done by a charger. Inside this device, electronics protect the
battery from overcharge that, by definition, occurs when too much of lithium is
sent to the negative electrode. As we have seen in the section devoted to the
capacity and balance between the electrode, the negative electrode, by construction,
should have a capacity larger that the positive electrode. Therefore, it is not possible
in principle to reach a situation where an excess of lithium coming from the positive
electrode would form of lithium layer at the surface of the negative electrode.
Nevertheless, overcharge results in a sharp increase in the voltage associated to the
rise in the internal resistance of the battery, resulting in an increase of the internal
temperature and possible thermal runaway and battery fire, because when the active
particles of the positive electrode have been emptied from their lithium content,
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they are insulating. In some cases, it also results in a structural collapse of the active
particles of the positive electrode, with the risk of explosion. The battery charge is
thus equipped with an electronic device to control carefully the charge of the
battery. In case the lithium intercalation/extraction of lithium of the active particles
of at least one of the two electrodes proceeds through a solid solution, the voltage of
the cell depends on the charge of the cell. The control can then be made by
measurements of the voltage. In case the lithium intercalation/extraction proceeds
with a two-phase reaction, we have seen in Chaps. 1 and 2 that the voltage profile is
a plateau; in this case, met in the new generation of batteries with LiFePO, as a
cathode in particular, the control is done by measurements of the current, which,
integrated over time, determines directly the amount of Li" ions that have been
transferred to the negative electrode. In any case, the operational voltage at a given
state of charge is specific to the each positive-negative electrode couple. In addi-
tion, the current that cross the battery during the charge must be controlled and
limited so that the battery is not too far from thermodynamic equilibrium during the
charge process, otherwise large over-potential would occur. The charger is also
equipped with electronics to control the dynamics of the charge process. Usually,
the charge is triggering process, in which the charge proceeds by steps, each step
being defined by charging controlled by the current followed by a period of time
where the battery is left at rest for equilibration. Again, the kinetics of the motion of
the lithium inside the battery is specific to the choice of the electrodes. For these
reasons, it is mandatory to charge the battery with the charger delivered by the
constructor, i.e., the charger that has been adapted specifically to this particular
battery.
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