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Abstract
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The battery market today expands rapidly, not least for electric vehicles. But to compete
against the combustion engine, the cost of batteries must be reduced. After years of usage, the
batteries degrade and need to be exchanged, increasing the cost over the vehicle lifecycle. This
can be mitigated by tailoring the usage conditions and the battery materials. Understanding
and avoiding ageing can be key to a more sustainable transport system. This thesis contains
studies on degradation processes in Li-ion batteries utilizing the LiNi,Mn,Co,0,(NMC) cathode
material, and suggests strategies for the improvement of battery life time.

When cycling different negative electrodes — including graphite, lithium foil and lithium
titanium oxide (LTO) — against NMC electrodes, only minor capacity fading was observed in
the NMC-LTO and NMC-graphite cells, in contrast to the NMC-Li-metal cells. The capacity
fading for Li-metal cells was determined to be caused by degradation products formed at the
lithium foil which thereafter diffused to the NMC electrode, leading to a higher resistance.
Commercial NMC/LiMn,O,-graphite cells were also investigated after cycling in limited state
of charge (SOC)-intervals. The cycle life was far longer in the low-SOC cell than in the high-
SOC cell. Photoelectron spectroscopy revealed increased manganese dissolution in the high-
SOC cell, likely causing a less stable solid electrolyte interphase layer on the negative electrode.
This, in turn, limits the capacity. How temperature influence ageing in NMC-LTO was analysed
in cells cycled at -10 °C, 30 °C and 55 °C. It was found that the initial side reactions at the
LTO electrode limited the cell capacity, but that these also stabilized the NMC electrode. At 55
°C, excessive side reactions at LTO caused capacity fading due to loss of active lithium. At -10
°C, high cell resistance limited the capacity. Switching to a PC based electrolyte allowed stable
low temperature cycling, although it was found that PC degraded and formed thick electrode
surface layers. Also sulfolane-based electrolytes were investigated, showing thinner surface
layers than the EC containing reference electrolyte at high potentials, thus indicating a more
stable electrolyte system.
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1. Introduction

1.1 Lithium-Ion Batteries

Lithium-ion batteries (LIBs) combine some of the most useful properties in a
battery, including large capacity and large potential differences between the
electrodes. The capacity of a cell refers to the amount of charge which is trans-
ported during charge or discharge, and the potential differences between the
electrodes corresponds to the cell voltage. The combination of large cell volt-
age and large capacity gives a large energy content of the cell, i.e. the amount
of useful work the cell can perform until the potential difference between the
electrodes decreases to a value lower than what is useable. The size of the
lithium ion is small, which allows construction of electrodes being able to
store large amounts of energy in a small volume and with low mass; i.e., LIBs
can achieve both a high volumetric and gravimetric energy density.' The small
size of the lithium ion also allows the active electrode materials to react with
the lithium ions without causing large internal stresses in the material, thereby
avoiding material degradation. The possibility of rapid discharge processes of
LIBs, delivering high currents, is another beneficial property.

LIBs generally consist of a positive electrode, a negative electrode, a sepa-
rator and an electrolyte.” The role of the electrolyte is to transport the lithium
ions between the electrodes without transporting electrons or undergoing un-
desired side-reactions. The separator is used to prevent contacts between the
two electrodes in order to prevent internal short circuits.

During discharge of the battery, the positive electrode is reduced and the
negative is oxidized as lithium ions leave the anode and intercalates into the
cathode, whereas during charging these processes are reversed as the lithium
ions move from the positive electrode towards the negative electrode; see Fig.
1. In a rechargeable battery, these processes should ideally be repeated for
thousands of cycles. Unfortunately, unwanted side-reactions will take place
simultaneously to the intercalation of lithium ions, thereby degrading the cell
materials,’ primarily the electrodes and electrolyte. The degradation of the cell
materials will eventually lead to cell failure, and the cells in the device have
to be replaced by new ones. In commercial applications, such as batteries for
portable electronics, it is therefore important to prolong the cycle life in order
to minimize the use of natural resources and the price for the customer. This
become even more important in large-scale applications such as batteries for
electric vehicles, which contain more material.
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Figure 1. Schematic illustration of the charging process of a LIB.

1.2 Electrode Materials

1.2.1 Positive electrodes

The active material in the positive electrode should react reversibly with lith-
ium ions at a high potential vs. Li/Li". Moreover, in order to achieve high
reaction rates, the host material must possess fast lithium ion diffusion. The
atomic structure is therefore important, where layered structures are common
as the lithium ions can move between the layers in two dimensions compara-
tively easy. Several layered oxide materials have been commercialized, such
as lithium cobalt oxide (LCO) and lithium nickel manganese cobalt oxide
(NMC). Materials in which the lithium ions can only diffuse in one dimension
have also shown commercial success, e.g. lithium iron phosphate (LFP).** In
order to not be limited by its slow solid state diffusion, LFP electrodes often
consist of nano-sized particles,*”® as compared to other electrode materials
where the particle size can be about 10 pm.

In order to achieve a high gravimetric energy density, the active material in
the positive electrode usually consists of lithium together with lighter p-block
elements and first row d-block elements. These are all comparatively light-
weight atoms, and the heavier d-block metals can undergo straight-forward
redox reactions during lithium insertion and deinsertion.

Lithium manganese oxide (LMO) is another important material used in
positive electrodes. It has a spinel structure allowing lithium ion diffusion
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through diffusion pathways in three dimensions.’ The diffusion pathways per-
mit rapid transport of lithium ions which renders high rate capability. As LMO
does not contain cobalt, it is generally considered more environmental friendly
than LCO or NMC. LMO on the other hand experiences problem with man-
ganese dissolution,'® as manganese ions can dissolve from the electrode and
deposit on the negative electrode. Also new phases might be created during
cycling of LMO,' as well as loss of oxygen during delithiation, resulting in
capacity losses.!" A summary of specific capacities and operating potentials
of various common electrode materials is illustrated in Fig. 2.
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Figure 2. Approximate specific capacities and discharge potentials of common LIB
electrode materials.
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1.2.2 Negative electrodes

The negative electrode should operate at as low electrochemical potential as
possible in order to maximize the potential difference between the electrodes.
In commercial LIB cells, graphite is the most common negative electrode ma-
terial. Graphite has a high specific capacity as compared to almost all com-
mercial cathode materials, but not as high as some other investigated anode
materials. Graphite is a crystalline layered structure where lithium ions can
intercalate during charging. Graphite electrodes operate at a potential close to
lithium metal,'? which might lead to lithium plating on the electrode.” Also
surface layer formation consisting of electrolyte degradation products will
take place,'* increasing the resistance in the cell and consuming lithium ions.
The increased resistance hinders the Li-ion transport, leading to an increased
potential during charging (or decreased potential during discharging), causing
the cut-off potential to be reached before the electrodes are fully delithiated or
lithiated and thereby decreasing the capacity and the cycle life. The surface
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layer formation differs depending on surface imperfections, e.g. edges and de-
fects can cause increased electrolyte decomposition, making the edge to basal
plane ratio an important factor.'®

Lithium metal is commonly used in battery cells, not least in academic re-
search studies. It would also be an ideal material in commercial batteries if its
safety could be improved.'® The capacity of Li-metal is extremely high, about
3860 mAh/g (in the charged state).'” Additionally, the potential is very low,'®
rendering cells with a high energy density. However, uneven deposition of
lithium often occurs during the lithiation process, making the surface rough.
Dendrites will form as a result, which eventually will penetrate the separator
and short-circuit the battery after some cycles."” This can cause overheating
and lead to what is known as a ‘thermal runaway’.?’ This is the main cause
forcing LIB producers to use other negative electrode materials. Similarly to
graphite, the electrolyte will also degrade on Li-metal and form a surface layer
on the electrode which increases the internal resistance and decreases the ca-
pacity.

LTO is yet another negative electrode material, where many of the prob-
lems associated with graphite or lithium metal are solved intrinsically. LTO
operates at a significantly higher electrochemical potential where it is less
thermodynamically favorable to form surface layers from electrolyte decom-
position products, making it possible to cycle the electrode reversibly for an
extensive number of cycles. The high lithiation/delithiation potential also
makes it possible to use aluminum current collectors instead of copper, which
is a cheaper and more light-weight material.*' Additionally, the high operating
potential as compared to lithium also makes the risk of lithium plating on the
electrode minimal.*> The LTO material has a comparably slow solid state mo-
bility of lithium ions, but this problem can be mitigated by using LTO particles
that are nano- sized instead of micro-sized, shortening the diffusion length and
thus allowing cycling at high rates. In the delithiated state, LTO has a cubic
spinel structure, allowing three-dimensional diffusion of Li-ions, which trans-
forms into a rock salt structure in the lithiated state. The structural change
during lithiation results in a very minor volume change, causing very small
internal stresses. LTO thus undergoes little internal strain as compared to other
electrode materials during delithiation and lithiation, which also contributes
to long cycle life”® as the material will not undergo structural degradation.
However, its high operational potential is not exclusively beneficial, since it
also directly decreases the energy density of the cell.** The capacity of LTO
is also lower than that of graphite. Moreover, at higher potentials the electro-
lyte might react through other mechanisms and form gases. Due to these rea-
sons, LTO is much less used than graphite in commercial batteries.
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1.3 Electrolytes

The purpose of the electrolyte is to transport ions between the electrodes dur-
ing battery cycling. An electrolyte should not have any electrical conduction
in order to prevent internal short circuits. The electrolyte should also ideally
not participate in any redox reaction where it is consumed, i.e. it should be
chemically inert with the respect to the electrodes. There are many kinds of
electrolytes depending on the device intended for the LIB: liquid electrolytes,
solid polymer electrolytes (SPEs), gel polymer electrolytes, ionic liquids and
ceramic electrolytes. Liquid electrolytes are most common due to their high
conductivity of lithium ions and their ability to dissolve lithium salts. The
electrolytes normally consist of a salt dissolved in an organic solvent, where
the salt concentration to a large extent determines the conductivity. A low
concentration would give a low conductivity because the electrolyte would
have few charge carriers, whereas a too high concentration would increase the
viscosity and thereby decreasing the mobility of the ions. Besides the salt con-
centration, the viscosity will also be influenced by the solvent molecules, mak-
ing the choice of solvent an important factor to achieve a high conductivity.
Furthermore, the solvent molecules will coordinate to the lithium ions, and the
strength of this interaction will also affect how easily the lithium ions can be
transported in the electrolyte. This interaction is generally estimated from the
dielectric constant, where a high dielectric constant is a measure of how easily
the salt will be disassociated in a solution.>¢ If the dielectric constant is high,
the coordination between the solvent and the lithium ion will be stronger.?” A
low dielectric constant will therefore instead lead to ion association and lower
conductivity.?

Common solvents in LIBs are low-Mw carbonate-based hydrocarbons such
as diethyl carbonate (DEC), dimethyl carbonate (DMC), ethyl methyl car-
bonate (EMC) and ethylene carbonate (EC).?® The linear carbonates DMC,
EMC, and DEC have low viscosity and decent stability, but low dielectric
constants. EC on the other hand has a high viscosity and a melting point as
high as 36 °C,% but has a high dielectric constant. It degrades fairly easy at
low potentials, forming a polymeric film on the negative electrode. This film
stabilizes graphite electrodes, which is why EC is a common co-solvent in
commercial LIBs. A related solvent is propylene carbonate (PC). PC has many
beneficial properties: high dielectric constant, high boiling point and low melt-
ing point. It will, however, be cointercalated into graphite during cycling,
leading to exfoliation of this active anode material and is therefore avoided in
cells containing graphite as the negative electrode material.

The most common salt in LIBs is LiPFs, frequently used at a concentration
of about 1 mol/dm’, but other salts are also found, e.g. lithium bis(trifluoro-
methane sulfonyl)imide (LiTFSI), lithium bis(oxalate)borate (LiBOB) and
lithium perchlorate (LiCl04). LiPFs is beneficial since it dissolves easily in
many solvents, contributes to decent ion conduction and forms a passivating
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film on aluminum, which is normally used as current collector on the positive
electrode — and thereby prevents it from corrosion. There are also some draw-
backs associated with LiPFg, not least salt degradation. The PF¢™ anion reacts
with trace amounts of water and then form HF, which can react further with
the solvent and the electrodes. LiTFSI, on the other hand, while also rendering
a reasonably high ionic conductivity does not form a good passivating film on
aluminum. This makes it difficult to utilize in a liquid electrolyte system when
having aluminum as current collector.

To maximize the energy density, many novel positive electrode materials
strive to operate at higher potentials, thereby increasing the potential differ-
ence in the cells. This increases the difficulty of finding electrolytes which are
electrochemically stable and do not undergo redox reactions as the environ-
ment changes from strongly oxidizing (at the cathode) to strongly reducing (at
the anode). It has been reported that by using a much higher salt concentration,
the resistance towards redox reactions of the electrolyte is increased since the
solvent molecules are more tightly coordinated by the electrolyte salt and
therefore less prone to react with the electrode materials. Another approach is
using solvents such as sulfones and nitriles, which are stable up to high poten-
tials. These molecules, however, often possess a high viscosity which makes
the ion conductivity low. One such example is sulfolane (CH2)4SO, see Fig.
3, which is a cyclic sulfone that has been used in electrolytes having an oxi-
dation stability of >5.5 V vs. Li"/Li.*’ The viscosity of sulfolane is 10.35 cP
at 30 °C, which is high as compared to the other common solvents having 2.2
cP, 0.59 cP and 0.75 cP for PC, DMC and DEC, respectively.**!* It also has
a melting point of 28 °C, thus being solid at room temperature.**

Battery safety is an important issue which is generally related to the prop-
erties of the electrolytes. Primarily, it is highly desired to avoid accidents
where batteries catch fire — the battery contains stored energy and flammable
materials, and can therefore burn. One way of achieving higher safety is using
an SPE, where a solid polymer is used both to separate the electrodes and to
transport ions, instead of a separator filled with highly flammable organic sol-
vents. SPEs can also mitigate the problem with lithium dendrites if their me-
chanical strength is high enough — the electrolyte rigidity makes it difficult for
the sharp dendrites to force their way through from the negative to the positive
electrode. Ton conduction in solid state materials is, however, usually slow,
which is also the case in LIBs utilizing SPEs. In order to increase the ionic
conductivity, SPE batteries can be operated at a higher temperature, as the
polymer chains then are more flexible. Practically, SPE cells are therefore of-
ten used where the temperature is around 60 °C or higher.

In commercial batteries, many different electrolyte additives are also in-
cluded. These serve different functions, such as forming a stable solid electro-
lyte interphase (SEI), decreasing the flammability and preventing overcharg-
ing. Overcharging, for example, is prevented via oxidation of the additive on
the positive electrode followed by diffusion to the negative electrode where
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reduction takes place. The redox potential of such an additive must therefore
be higher than the upper cut-off potential during cycling, otherwise the capac-
ity of the cell will be reduced.

Figure 3. Different electrolyte molecules. a) Etylene carbonate. b) Propylene car-
bonate. ¢) Dimethyl carbonate. d) Sulfolane.

1.4 Separators

The purpose of the separator is to prevent direct physical contact between the
positive and the negative electrodes, while allowing electrolyte to pass
through. The separator is typically a thin porous film, consisting of e.g. poly-
propylene. Surface modifications can be used in order to increase the wetta-
bility. Wettability is important since if the pores in the separator will remain
dry, it will prevent lithium ion transport and thereby increase the resistance.*

1.5 The Interphase between Electrode and Electrolyte

As stated above, in order to have a high energy density of a cell, a large po-
tential difference between the positive and negative electrodes is required.®
However, this requires that the electrochemical stability window of the elec-
trolyte matches the large potential difference between the electrodes; see Fig.
4a.”® The electrolyte’s lowest unoccupied molecule orbital (LUMO) should be
higher than the potential of the anode while its highest occupied molecular
orbital (HOMO) should lie lower than the potential of the cathode in order to
avoid spontaneous reactions. The potential of the cell will otherwise be limited
by the potential at which the electrolyte participates in degradation reactions
with the electrode, as illustrated in Fig. 4b. The case where a standard electro-
lyte, consisting of 1 M LiPFg salt in a solvent of carbonate-based hydrocarbons
in a cell where lithium metal is cycled vs. NMC is illustrated in Fig. 4c. While
the NMC remains in the electrochemical stability window, the lithium foil ex-
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ceeds the limit. Despite this, such a cell can still cycle without complete deg-
radation of the electrolyte, because a passivating Solid Electrolyte Interphase
(SEI) layer will be formed on the lithium foil.>® The SEI layer allows conduc-
tion of lithium ions but is electronically insulating, which prevents further re-
actions of the lithium foil with the electrolyte. However, cracks in the SEI and
solvent molecules diffusing through it will cause a continuous degradation of
the electrolyte. If the NMC electrode was cycled vs. LTO instead of lithium,
both electrodes would remain in the electrochemical stability window of the
electrolyte. There should, in theory, then be no degradation reactions, but at
the cost of a smaller potential range within which the cell can be cycled. Even
though the electrolyte is within the electrochemical stability window put up
by the electrodes according to reference measurements, degradation reactions
might still appear due to or catalytic effects of the electrode materials, which
can affect the stability limit.>’

Similarly, for the positive electrode, if it operates at a higher potential than
the electrochemical stability window, the electrolyte will degrade. The degra-
dation products should ideally remain at the electrode to allow lithium ion
conduction, but being electronically insulating to prevent further degradation.

Figure 4. Electrochemical stability window of a typical LIB electrolyte in contact
with electrodes. a) The stability window exceeds the potential differences between
the electrodes. b) The negative electrode is outside the stability window, where no
stable SEI is formed. c¢) The negative electrode is outside the stability window, but a
stable SEI layer is formed.
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1.6 Li-lon Battery Ageing

As stated previously, battery ageing contribute substantially to cost and sus-
tainability for the electrification of the transport sector. From a user perspec-
tive, LIB ageing will appear primarily as a decrease in capacity and voltage;
i.e., that the battery needs to be recharged more often, and cannot provide
enough power to do the required task and will not be able to deliver enough
energy. When an LIB can only reach ca. 80% of its initial capacity, the ageing
often starts to accelerate rapidly.

Battery ageing is related to a number of different independent and interde-
pendent mechanisms in the LIB, schematically illustrated in Fig. 5. During
cycling and storage, degradation will take place in the LIBs which decrease
their performance. The type and amount of degradation depends on the cell
chemistry, as well as operation conditions such as temperature, potential
range, or C-rate.

1.6.1 Degradation Mechanisms at the Electrode-Electrolyte
Interface

Manganese dissolution is a common ageing mechanism taking place in many
positive electrode materials. The Mn will dissolve from many transition metal
oxide electrodes, then migrate to the negative electrode where it deposits. The
dissolution will decrease the capacity of the positive electrode and also affect
the surface layer formation on the negative electrode. Mn will affect the im-
pedance of the anode surface layer and also cause more side reactions with the
electrolyte. It has been reported that Mn will either be reduced to metallic
particles®®* or be present in its ionic state** on the negative electrode. Espe-
cially Mn(III) is problematic in this context: at the surface of the positive elec-
trode it can undergo a disproportionation reaction into Mn(IV) and Mn(II),
where after Mn(1II) dissolves into the electrolyte.*' Mn dissolution depends on
several parameters; primarily high operation temperature, high potential
used** and presence of acids in the electrolyte.*’ It can be prevented by surface
coatings or doping of the material which stabilizes the surface crystal struc-
ture.*

Lithium plating is another common degradation mechanism in LIBs. Dur-
ing lithium plating, metallic lithium will be deposited on the negative elec-
trode instead of lithium ions being intercalating into it. Cycling a cell using
high C-rates, cycling at low temperatures or cycling in a high SOC range se-
verely increase the risk of lithium plating.* These cycling conditions might
force the potential of the negative electrode below 0 V vs. Li"/Li, making lith-
ium plating thermodynamically favorable.*® Lithium plating can be avoided
by designing the cell so that the negative electrode has a larger capacity than
the positive electrode,*’ or using a negative electrode having a somewhat
higher operation potential. Long term effects of lithium plating are increased

17



amount of side reactions, increased impedance and decreased cell capacity,
which all significantly age the battery .*°

Formation of lithium dendrites affect both the safety of the LIB as well as
cause side reactions which contribute to ageing.** The formation of dendrites
is not only limited to lithium metal electrodes; they can also form on graphite.
If graphite is over-lithiated, lithium nucleation and growth of dendrites will
occur at its surface. The dendrites are very reactive towards the electrolyte and
can form many degradation products. They can puncture the separator as they
grow, leading to an internal short-circuit of the cell. Creating electrodes hav-
ing a high electric conductivity can mitigate local over-lithiation and thereby
prevent formation of dendrites.* Also addition of various film-forming addi-
tives have improved the performance due to a formation of a better SEI, alt-
hough the detailed mechanisms are still not known in detail.*®

Graphite exfoliation is detrimental for polycrystalline graphite electrodes
having a high degree of graphitization, and cause ageing through rapid capac-
ity decay.’® The phenomenon depends on the electrolyte solvent, where for
example PC is well known to co-intercalate into the graphite structure and
cause exfoliation, whereas the cycling will proceed without exfoliation if EC
instead is used.”' Formation of a stable SEI layer can suppress exfoliation.*’

Charging a positive material to high potentials might cause structural trans-
formation of the surface of the active material.** Cycling to high potentials can
therefore lead to a transformed surface layer, having higher impedance than
the initial surface layer.”? The transformed surface layer can be responsible for
a poor coulombic efficiency during the first cycle, as well as causing capacity
fading during cycling.”

Loss of active lithium is a common ageing mechanism causing capacity
fading in LIBs.”>** In the case of loss of active lithium, the amount of useable
lithium is consumed due to excess of reduction or oxidation side reactions,
further explained in section 3.2.3.

1.6.2 Degradation Mechanisms in the Electrodes

Cation mixing is an ageing mechanism that primarily occurs at the LIB cath-
ode. Usually, the mixing is caused by a transition metal ion which has changed
position with a lithium ion. In the NMC material, cation mixing is considered
to be thermodynamically favorable. Li" in the lithium layer then mix with the
Ni*" in the transition metal layer, depressing the Li" diffusion and cause the
electrochemical performance to deteriorate.”® Cation mixing is not necessarily
bad for the battery; it can also stabilize the structure of transition metal oxides,
increasing the rate capability and decreasing the lattice strain.*® That the tran-
sition metal ions change their positions can also cause changes in the voltage
slope, making it steeper. This is due to that in a material with large cation
disorder, the Li" will experience different local transition metal environ-
ments.”’ Change of cation positions can also occur at the surface of particles
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due to oxygen loss and transition metal migration; this has for example been
seen on lithium nickel cobalt aluminum oxide (NCA).*®

Loss of active material can occur on either or both of the electrodes and
will lead to a decreased capacity, which cannot be utilized even if the battery
is operated at lower rates. There are several possible degradation mechanisms
causing loss of active material; e.g., it can be caused by dissolution of the
active material,” structural transformation into an inactive phase®® or by loss
of contact where the active particle loses its electrical connection to the elec-
trode. Loss of contact is often observed for electrode materials suffering from
large volume changes during cycling, such as Si and Sn.* Loss of contact can
also occur for positive electrode materials undergoing only limited volume
changes during cycling, where instead degradation at high potentials and tem-
peratures might form surface films which effectively insulates the particles.*
The high potential might also degrade the electrode binder,* thereby causing
loss of active material.

1.6.3 Degradation Mechanisms in the Electrolyte

There are many different ways electrolytes can degrade. Electrolytes contain-
ing LiPFs are sensitive to elevated temperatures, leading to formation of HF,
which in turn can attack the electrodes and cause battery ageing. Interestingly,
the HF formation at 60 °C has been found to depend on the solvent, where
LiPF; dissolved in DEC will form more HF than if it dissolved in EC or PC.%!
Besides thermal decomposition the electrolyte can also be reduced or oxidized
at the electrode, leading to formation of surface layers or dissolved reaction
products.
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Figure 5. Schematic illustration of ageing mechanisms taking place in LIBs. Re-
printed from Birkl et al., Degradation diagnostics for lithium ion cells, J. Power
Sources 2017, 341, 373-386, http://dx.doi.org/10.1016/j.jpowsour.2016.12.011, with
permission from Elsevier.
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2. Lithium Nickel Manganese Cobalt Oxide as
a Cathode Material

The cathode material NMC is commonly used in commercial applications
which require long life time, high energy density and high level of safety for
the battery, such as in electric vehicles. NMC either has a higher practical
specific capacity® or operates at a higher potential than competitor materials
like LMO or LFP, making the energy density higher. The smaller amount of
cobalt as compared to LCO makes NMC cheaper and more sustainable.®*!!
The atomic structure is layered, see Fig. 6, allowing fast solid state diffusion
and thus making it possible to use micron-sized particles instead of nano-
sized. There are, however, other commercial electrode materials with faster
rate capabilities, such as LMO. Obtaining higher rate capabilities of NMC-
containing electrodes is therefore possible by incorporation of LMO particles,
i.e. blended electrodes of NMC and LMO®, which are often used commer-
cially. During charging of an NMC cell, the nickel ions are oxidized from +II
to +1V, the cobalt ions are oxidized from +III to +IV whereas the manganese
ions generally retain their initial oxidation state of +IV.’

The theoretical specific capacity of NMC (280 mAh/g) is not utilized in
commercial applications. In order to reach close to this capacity, a high cut-
off potential would be required. However, at the potential of 4.3 V structural
degradation of the NMC start to take place® and a spinel-like phase is formed,
especially on the surface. At higher cut-off potentials, e.g. 4.6 V, this effect is
more pronounced, leading to a more rapid capacity fading.%® Therefore, the
upper cut-off value is often close to 4.3 V, at which about a capacity of ca.
160 mAh/g can be achieved.®® Other structural degradations in NMC have also
been observed, where the surface structure of the NMC have transformed into
rock salt structure.®® This thin layer has poor ionic and electronic conductivity,
thus decreasing the capacity retention during battery cycling. It has also been
shown that a thin film coating of the NMC particles can prevent structural
degradation, allowing improved rate capability and cycle life.**

Transition metal ion dissolution can take place in NMC electrodes, where
nickel, cobalt or manganese leave the NMC material by dissolving into the
electrolyte. Ultimately, they can diffuse to the negative electrode where they
cause imperfections in the SEI layer, thereby increasing the resistance in the
battery.®”%® The transition metal dissolution depends on cut-off potential, and
a lower cut-off potential can decrease this problem.®” Also the purity of the
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electrolyte is important, as LiPFe can react with trace amounts of water form-
ing HF, which is known to increase the rate of transition metal dissolution.
One advantage of NMC over LMO electrodes is that the amount of transition
metal dissolution in NMC is less than the manganese dissolution in LMO. It
has also been shown that in blended electrodes of NMC and LMO, that NMC
suppresses the manganese dissolution of LMO.*’

As the NMC particles are cycled, stress will arise within them, causing mi-
cro-cracks to appear near defects or grain boundaries.”” This phenomenon
leads to continuous generation of surface where side reactions can take place,
and cracked particles might also lose contact to the current collector causing
capacity fading.”'

Despite NMC having a larger capacity than many other positive electrode
materials, it is beneficial to increase it further. This has been achieved via in-
creasing the nickel content, while decreasing the amount of cobalt and man-
ganese. Increasing the nickel content increases the main ion responsible for
the redox reaction, thereby increasing the specific gravimetric capacity to
about 200 mAh/g for LiNipsMng,C0020; (also known as NMC (622), due to
its transition metal composition). This will also decrease the amount of scarce
cobalt used in the LIBs. Unfortunately, the increased nickel content will make
the electrode surface more reactive towards the electrolyte.”' There are several
strategies to mitigate this problem, e.g. coating the particles with inactive ma-
terial,” coating the particles with a different active material with higher sta-
bility,” or by synthesizing NMC having a nickel-rich core with a composition
gradient so that the nickel content will be low at the surface.”

JI ‘ © |t. ©
® .‘ ‘L L
LY & &
w L@ ‘h .
J‘ “‘.uk‘s‘_lhs‘ .
. ¢ © .

Figure 6. The crystal structure of NMC. Nickel, manganese and cobalt atoms are in
black, lithium in grey and oxygen in red. The lithium atoms are positioned in layers
in between oxygen atoms, the transition metals in the center of the polyhedra and the
oxygen atoms at the corners of the polyhedra.
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2.1 Scope of this Thesis

This thesis work aims at achieving a better understanding of cycle life in com-
mercial cells for electric vehicles by finding out what factors limit the system
and cause battery ageing. The work is mainly focused on the positive elec-
trode, with NMC (111) and NMC (622) as the primary research area, since
NMC electrodes are commonly utilized in commercial batteries. Less research
has also been done of its ageing as compared to graphite anodes. Moreover,
other materials such as LMO and graphite which are present in commercial
cells are also studied to some extent.

It is well known that surface layer formation take place on both electrodes
in an LIB, leading to increased resistance and capacity fading. This work
therefore tries to increase the understanding of how these surface layers are
affected depending on the electrode and electrolyte type in the cell and the
cycling protocol performed. For these studies, x-ray photoelectron spectros-
copy (XPS) has been one of the main characterization techniques for studying
the surface layers of the electrodes, combined with other spectroscopic tech-
niques such as hard x-ray photoelectron spectroscopy (HAXPES) and x-ray
absorption near edge spectroscopy (XANES) in order to receive information
about the chemical composition and oxidation state deeper into the elec-
trode/electrolyte interphase.

The thesis comprises five different papers. In Paper 1, it is investigated how
the choice of negative electrode will affect the degradation products formed
on the NMC electrode. In Paper 11, the role of the temperature on the electro-
chemical performance and the electrolyte degradation is explored, finding out
how the capacity fading is related to electrolyte reduction despite cycling
within the ESW of the electrolyte. In Paper III and Paper IV, the use of EC-
free electrolytes containing PC or sulfolane, respectively, are investigated for
cycling at high potentials and low temperatures. In Paper V, it is studied how
the position of a narrow SOC interval affects manganese dissolution, the
chemistry of the surface layers as well as the individual electrochemical per-
formance of the electrodes.
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3. Methods

3.1 Electrode Preparation and Cell Assembly

The laboratory made NMC electrodes used in these studies were prepared in-
house from slurry. The electrode slurry was a mixture of NMC, carbon black
and binder at an 80:10:10 mass ratio. After ball milling, the slurry was casted
on carbon coated aluminum foil using a pilot line, making it possible to control
the thickness. The electrodes were punched out into discs that were individu-
ally pressed by applying a static pressure. To remove adsorbed water, the elec-
trodes were dried in a vacuum oven in an argon filled glovebox.

Graphite electrodes were prepared from a slurry consisting of graphite, car-
bon black and super C65, binder (carboxymethyl cellulose (CMC), Styrene-
Butadiene Rubber (SBR)) and water as solvent. The slurry was ball milled and
coated on copper foil.

In cases where cells were constructed from commercial electrodes, the dou-
ble-sided coating had to be removed first. Commercial cells were opened and
disassembled in an argon filled glove box. The coating from one side was re-
moved by a solvent infused tissue. NMP was used for the NMC/LMO elec-
trodes whereas methanol was used for the graphite electrodes. Thereafter,
discs were punched out for cell assembly.

The cells were assembled in a pouch cell format, where the electrodes were
stacked between a Celgard separator soaked with electrolyte. Often, a LP40
electrolyte was used, consisting of 1 M LiPF¢ in EC and DEC in a 1:1 volume
ratio.

3.2 Electrochemical Characterization
3.2.1 Galvanostatic Cycling

All cells investigated were allowed to rest for at least 12 hours in order for the
electrolyte to infiltrate the electrodes. Thereafter, galvanostatic cycling was
used to characterize the cells electrochemically. The cells were cycled using a
Novonix High Precision Charger battery testing system, allowing precise
measurements of current and temperature.

During galvanostatic cycling, a constant current is applied. The current re-
mains constant until a certain cut-off potential is reached, at which the current
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is reversed. It is also possible to define when the current should be reversed
by the cell’s state of charge (SOC). The potential interval where faradaic re-
actions take place in the electrodes is usually defined as the whole SOC range,
i.e. 0-100% SOC. When the cell is fully charged the SOC is at 100%, whereas
when it is fully discharged it is at 0% SOC. By applying this definition, it is
possible to also cycle cells in limited SOC intervals by limiting the charge/dis-
charge time until the current is reversed, instead of using fixed potential limits.
The battery is cycled for a set number of cycles between these two cut-off
potentials (or in a SOC range) at a certain speed (equivalent to current), usu-
ally referred to as C-rate. The C-rate corresponds to the time it takes to dis-
charge the battery; e.g. if it takes 5 hours to discharge, the C-rate is C/5. Higher
rates than 1C can also be expressed, where for example a C-rate of 4C corre-
sponds to complete discharge of the cell in 15 minutes.

3.2.2 Incremental Capacity Analysis (ICA)

ICA is performed by plotting the differential capacity as a function of poten-
tial. In order to get detailed information from both the positive and the nega-
tive electrodes, the commercial cells were disassembled and reassembled into
half-cells with lithium as counter/reference electrode. Lithium is considered
to have a constant potential independent of the current, which is used as as-
sumption so that the analyzed signal only depends on the working electrode.
The data obtained from galvanostatic cell cycling can be converted into ICA
plots. However, the C-rate should be low, otherwise the potential of the coun-
ter/reference electrode might change. Additionally, the response from the
working electrode will not only depend on the electrode material, but also on
kinetic effects of the system. In Fig. 7 it is seen how the peaks observed in
ICA plots correspond to constant potential plateaus in the potential vs. capac-
ity plots obtained from galvanostatic cycling. This method can identify and
quantify ageing phenomena such as increased over-potential and loss of active
material. In the case of loss of active material, the intensity of all peaks coming
from that material would decrease proportionally to their initial value, whereas
in the case of increased over-potential the distance between the lithiation and
delithiation peaks would increase. In a blended electrode, such as NMC/LMO
studied here, the technique can therefore be used to distinguish which of the
material that degrades the most. Changes in cell resistance can be obtained
from observation of changes in the potential at which the peaks appear.
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Figure 7. Incremental capacity plot of NMC vs. Li, where dark blue and light blue
depicts the delithiation and lithiation of the NMC, respectively. The green curves
show the corresponding capacity plot where dark green and light green depicts the
delithiation and lithiation of NMC, respectively.

3.2.3 Electrode Slippage

To balance cells, the capacity of the individual electrode materials are often
used. This does, however, not necessarily correspond to the utilized capacity
of the full-cell. In a full-cell, the capacity can be limited despite that one of
the electrode materials is not fully lithiated/delithiated. The limited capacity
is instead caused by side-reactions that lead to that the potential window of
the electrodes ‘slip’ relative to each other. By measuring the slippage, the
amount of side-reactions can be estimated.

In the case of electrolyte reduction of solvent at the negative electrode, an
electron is consumed from the electrode. To maintain charge neutrality, the
electrode must either receive a negative charge or give away a positive charge.
This can be done by a lithium ion moving out of the electrode or an electron
moving from the other electrode. This electrode in turn becomes charged, and
has to compensate this by a lithium ion moving out of the electrode; see Fig.
8. Oppositely, in the case of electrolyte oxidation an electron will be received
by the electrode, leading to that either a positive charge have to enter the elec-
trode or it has to give away a negative charge to remain the charge neutrality.
A lithium will therefore move into the positive electrode or the electrode will
give away an electron to the negative electrode followed by lithium insertion
into the negative electrode.
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Figure 8. Schematic representation of electrolyte reduction and oxidation, illustrat-
ing how lithium ions will be received or released.

During either oxidation or reduction of the electrolyte, the side reactions will
cause a change of lithium concentration in only one of the electrodes. Hence,
only one of the electrodes will change its potential. During electrolyte reduc-
tion the negative electrode will either loose one lithium ion, i.e. the negative
electrode’s potential increases, leading to a slippage of the electrode to the
left, see Fig. 9, or the positive electrode will lose one lithium ion, thereby
increasing the potential and leading to a slippage of the positive electrode to-
wards the right. Both these scenarios will lead to the same slippage of the
electrodes relatively to each other. The slippage will then limit the discharge
capacity as the negative electrode will be fully delithiated, while the positive
electrode has unused capacity left.
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Figure 9. Schematic representation of how the electrodes will slip during electrolyte
reduction, leading to a reduced capacity.

3.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a commonly used electron spectroscopy method for analysis of sur-
faces. It is also referred to as electron spectroscopy for chemical analysis
(ESCA)” and was extensively explored by Kai Siegbahn, for which he re-
ceived the Nobel Prize in 1981.7° XPS can differentiate between elements as
well as elements in different compounds. The working principle of XPS is
based on the photoelectric effect.”’ As a photon meets a sample, different phe-
nomena might occur. In one of these, the incoming photon transfers its energy
to the atom and knocks away a core level electron. The kinetic energy of the
emitted electron will depend both on how tightly it was bound and the energy
of the incoming photon, described in Fig. 10.
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Figure 10. Schematic illustration of the detection of the binding energy, where Ex rcal
is the real kinetic energy of the electron, Ex detected 18 the detected kinetic energy of
the electron, ¢ is the work function of the sample, ¢s, is the work function of the
spectrometer and Eginding 1S the binding energy of the electron.

The binding energy can therefore be calculated according to Equation 1:"

where hv is the energy of the incoming photon, Ex is the detected kinetic en-
ergy of the emitted electron, Eg is the binding energy of the electron and ¢y, is
the work function of the spectrometer. The incoming energy of the photon is
generally known in an experiment; usually (as in several of these studies) it is
Alg, at the energy of 1486.6 eV.” Since the kinetic energy of the electrons is
determined in the analyzer, and the work function of the spectrometer is
known, it is possible to calculate the binding energy. The binding energy is
dependent on the electron orbital of the element but also shifts depending on
what atoms this element is bound to. The shift taking place due to how the
element is bound is useful for identifying different chemical compounds. In a
molecule, a shift towards higher binding energy would appear if it contains
strongly electronegative atoms. The electronegative atoms would then draw
electrons from the other atoms, thus making the remaining electrons in the
atom more tightly bound.

To detect the photoelectrons, a concentric hemispherical analyzer is used,
allowing only electrons of certain energy to pass through. This pass energy
depends on the potentials applied to the different hemispheres, whereas the
resolution depends on the pass energy® and the radius of the hemispheres. In
order to avoid large detectors and different resolution depending on electron
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energy, the pass energy is set to a constant value and electrons are retarded
before reaching the analyzer; i.e. the retardation of the electrons are measured.
In a spectrum of a homogeneous sample, the intensity of the photoelectrons
per second can be described by Equation 2:*'

I = nfopyATA )

where n is the number of atoms per volume unit, f is the flux of incoming
photons, o is the photoelectric cross section, ¢ is based on the angle between
the incoming photons and emitted photoelectrons, y is the efficiency in the
photoelectric process for production of photoelectrons of the normal photoe-
lectron energy, A is the area of the sample emitting photoelectrons which are
detected, T is the detection efficiency and A is the mean free path of the pho-
toelectrons in the sample. The equation can be simplified by introducing a
sensitivity factor S, described by Equation 3:%

S = fopyATA 3)
The sensitivity factor is often experimentally determined and is listed in hand-

books. It can be used for quantification of the elements according to Equation
4:%

lelement
Nelement Selement
Cetement = St ctemenss . rielment (4)
element 1
2nall elements y-element
Selement

where Celement 1S the atomic percentage of a certain element, Nefement is the num-
ber of atoms of a certain element in the analyzed volume and Sciement iS the
sensitivity factor.

3.4 Hard X-Ray Photoelectron Spectroscopy (HAXPES)

The working principle of HAXPES is similar to XPS. However, HAXPES
gives information about composition from a larger depth of the surface.* It is
possible to receive photoelectrons from deeper into the sample because HAX-
PES utilizes ‘hard’ X-rays, having energies of 2 keV or higher.® The energy
of the incoming photons determines the kinetic energy measured according to
Eq. 1. Higher photon energy would therefore increase the kinetic energy of
the photoelectrons, thereby increasing the inelastic mean free path of the elec-
trons. The dependency of the inelastic mean free path of electrons as a function
of kinetic energy can be seen in Fig. 11. The shape of this curve differs slightly
depending on the material containing the photoelectrons, but the trend never-
theless remains.
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Figure 11. Schematic representation of the inelastic mean free path as a function of
kinetic energy.

The high energy of the X-rays necessary for HAXPES usually requires the
measurements to be performed at a synchrotron facility. In some of the studies
in this thesis, measurements were performed at the KMC-1 beamline at
BESSY where it is possible to tune the energy between 1.7 keV to 12 keV.

3.5 X-ray Absorption Near Edge Structure (XANES)

XANES is a useful technique to compare oxidation states of ions in different
samples.*® Additionally, information about the three-dimensional structure
around the ion can be obtained.’” Instead of using a constant energy of the
incoming photons as in XPS, the energy of the photons is changed in
XANES.* The photon energy is swept from a value lower than the energy
required in order to knock out photoelectrons of a certain binding energy from
a core level, and increases past the required energy.® The obtained signal is
therefore initially close to zero as no photoelectrons are emitted, but increases
as the energy at which photoelectrons are excited increases. The energy range
at which the photon absorption changes from almost zero to a high value is
referred to as ‘the edge’. The photoelectron will in this range interact with
neighboring atoms before it is absorbed, which thereby gives qualitative in-
formation on the surroundings.®’ In the setup used in this study, the recorded
signal comes from X-ray fluorescence taking place as an excited ion relaxes.
The position of the edge corresponds to how tightly the electrons are bound to
the atom, and hence is largely influenced by the oxidation state; see Fig. 12.%°
The higher the oxidation state, the more the position of the edge will shift
towards higher energies.”'
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The XANES region of an absorption spectrum is sensitive to small varia-
tions in structure. The electrons which are excited close to the edge have a low
kinetic energy”>**** and therefore also a long inelastic mean free path. This
will lead to interactions further away from distant atoms than observed in ex-
tended x-ray absorption fine structure (EXAFS) spectra.’’ The sensitivity to
structural differences is partly caused by geometrical differences between the
different scattering sites. A different geometry would lead to different scatter-
ing pathways of the electrons, and therefore affecting the spectrum in the im-
mediate area of the absorption edge.” Sometimes a ‘pre-edge’ before the edge
in the spectrum can be observed. The pre-edge corresponds to specific orbital
transitions, whose intensities might give information about the coordination
number around the atom.”®
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Figure 12. Schematic X-ray absorption measurements showing the different regions
of the spectrum as well as differences in oxidation state between different samples,
where the green spectrum corresponds to an ion in a higher oxidation state than the
ion represented by the purple spectrum.
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4. Results and Discussion

4.1 The Influence of the Negative Electrode on NMC-
Based Cells

This section describes the role of the negative electrode on the performance
of NMC-based cells. The aim was to analyze how the surface chemistry of the
NMC electrodes was affected by various negative electrodes including lithium
foil, graphite and LTO. The results presented in this section are based on Paper
L.

4.1.1 Electrochemical Performance of NMC Electrodes
Depending on the Negative Electrode

NMC cells with three different negative electrodes — lithium foil, graphite and
LTO, respectively — were investigated by galvanostatic cycling in order to de-
termine how the negative electrode affects their cycle life.

In the galvanostatic cycling results shown in Fig. 13, a large capacity fade
is observed in the NMC-lithium cell, but only minor capacity fade is observed
in the NMC-LTO and NMC-graphite cells. The rapid capacity fading ob-
served in the NMC-lithium cell is unlikely due to loss of lithium in different
side reactions, as the amount of lithium is in a large excess compared to the
NMC electrode. It is shown in Fig. 13(d), which display the voltage hysteresis
in the galvanostatic cycling curves, that the NMC-LTO and NMC-graphite
cells have a stable and low voltage hysteresis while the NMC-lithium cell has
an increasing hysteresis as the number of cycles increases. The increased volt-
age hysteresis is therefore likely the main cause for the capacity fading, as the
cut-off potential would be reached before the cell is fully charged or dis-
charged.
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Figure 13. Galvanostatic cycles of NMC positive electrodes cycled towards different
negative electrodes at 1C rate. a) Li-foil vs. NMC. b) LTO vs. NMC. c) Graphite vs.
NMC. d) Voltage hysteresis vs. number of cycles.

4.1.2 XPS Results

In order to find out if any surface layer was formed on the NMC electrodes,
XPS measurements were performed; see Fig. 14. In the O 1s spectra, the
NMC-graphite and NMC-LTO cells show only minor differences, whereas the
intensity is far larger in the range 533-534 eV for the NMC-lithium cell. This
corresponds to electrolyte degradation products. The phenomenon can also be
observed in the C 1s spectra, where a more pronounced peak is observed at
287-288 eV, corresponding to C-O, O-C-O or C=0 species. In the F 1s spectra
at 685 eV, on the other hand, a smaller amount of LiF is present in the NMC-
lithium cell than in the NMC-LTO cell. Similarly, in the P 2p spectra a smaller
amount of phosphorus degradation products is found in the NMC-lithium cells
than the in NMC-LTO cells. The increased amount of phosphorus and fluorine
degradation products seen in the NMC-LTO cells is likely to be caused by
degradation of the LiPF¢ salt, which is the only source of phosphorus in the
cell. If a uniform distribution of species is assumed, the results indicate a more
organic surface layer in the NMC-lithium cells and a more inorganic surface
layer in the NMC-LTO cells.
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Figure 14. XPS spectra of NMC positive electrodes after 203 cycles in cells with
different negative electrodes of graphite, LTO or lithium, and the relative atomic
concentrations of different elements in the surface layer covering the NMC elec-
trodes.
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The surface layer formation process was also analyzed after different numbers
of cycles to find out how the surface layer changes during battery operation.
In Fig. 15, XPS measurements of a pristine NMC electrode are compared to
electrodes cycled vs. lithium for 3 and 203 cycles. It is seen that there are only
minor differences between the pristine electrode and the electrode cycled for
3 cycles, indicating that the surface layer is very thin after 3 cycles. In the O
Is spectra after 203 cycles, however, the intensity from two major peaks at
532.0 and 533.3 eV have appeared, representing carbonates such as Li,CO; or
ROCO;Li and polyethers. It is thus shown that the surface layer formation on
the NMC electrodes takes place by repeated cycling for many cycles, further
supporting that electrolyte degradation products are mainly formed on the neg-
ative lithium electrode and diffuse over to the positive electrode. This is likely
the major cause of the poor capacity retention and increased voltage hysteresis
observed in the NMC-lithium cell.
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Figure 15. C 1s, O 1s and F 1s spectra of NMC electrodes cycled vs. lithium foil af-
ter different number of cycles.
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4.1.3 Oxidation State Characterization of the 3d-Elements in
NMC Electrodes

The oxidation state of the transition metal ions after long term cycling of the
NMC electrodes was analyzed by XANES measurements. Fig. 16 shows the
manganese, cobalt and nickel K-edges after different numbers of cycles. There
are only minor differences in the manganese K-edge after cycling for 203 cy-
cles compared to the pristine electrode. This indicates little change of oxida-
tion state after cycling, which in other studies’’ has been determined to be +IV
for similar structures. The electrode cycled for 203.5 cycles show differences
in edge shape, indicating a change in the atomic environment around Mn dur-
ing delithiation. Similarly for the cobalt K-edge, no major differences were
observed between the pristine and the cycled lithiated electrodes, also indicat-
ing that the oxidation state remains unchanged. In the delithiated state the
shape of the edge changes, indicating a difference in the environment around
the cobalt ions. The nickel K-edge is similar for all lithiated electrodes, but
differs in the delithiated state. The edge position of the delithiated electrode
shifted towards higher energies, indicating an increase of oxidation state.
These XANES results suggests that the oxidation state and environment
around the transition metal ions remain unchanged in the lithiated state, even
after cycling. The capacity fading in the NMC cells is therefore unlikely to be
caused by structural deterioration of the transition metals in the bulk of the
NMC particles, thereby supporting that surface layer formation on the elec-
trodes is the cause of the low capacity retention.
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4.2 How Temperature Affects Ageing

This section describes how the temperature affects ageing in NMC-LTO cells.
The purpose was to characterize how electrolyte oxidation and reduction will
affect the capacity retention during cycling, when using conventional cut-off
potentials within the ESW of the electrolyte. The results in this section are
mainly based on Paper III.

4.2.1 Cycling Performance

The cells were cycled at three different temperatures: 55 °C, 30 °C and -10
°C. In Fig. 17 it is seen that the capacity fading is minor when cycling at 30
°C, and significant at both 55 °C and -10 °C, although the initial capacity for
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the latter was much lower. This correlates well with the coulombic efficiency,
which is close to 100 % at 30 °C. This is despite the lower coulombic effi-
ciency on the first cycles, indicating surface stabilization in the initial cycling.
At 55 °C, the low coulombic efficiency of about 98 % indicates continuous
side-reactions and the even lower coulombic efficiency at -10 °C is likely
caused by side-reactions or possibly the large overpotential observed.
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Figure 17. Electrochemical cycling of NMC-LTO cells operated at different temper-
atures. a) Potential profiles during the first cycle. b) Potential profiles during cycle

no. 30. ¢) Discharge capacity vs. cycle number. d) coulombic efficiency vs. cycle
number.

To find out what kind of side reactions take place at the individual electrodes,
symmetric NMC-NMC and LTO-LTO cells were cycled, se Fig. 18. At -10
°C, the performance of all cells was poor, indicating that it is the low ionic
conductivity of the electrolyte that limits capacity. At 30 °C, the LTO-LTO
cell performed well with minor capacity fading, whereas the NMC-NMC cell
showed clear fading which indicates that side reactions occur. The capacity
fading of the NMC-NMC cell is interesting since the LTO-LTO cells and the
NMC-LTO cells cycle without losing much capacity. This can possibly be
explained by initial reduction of electrolyte impurities taking place at the LTO
electrode, preventing these species from reacting at the NMC electrode. A
possible alternative explanation is that reduced electrolyte species at the LTO
electrode might diffuse over to the NMC electrode, forming a more stable sur-
face layer. At 55 °C, capacity fading is observed for both LTO-LTO and
NMC-NMC cells, even though it is worse for NMC-NMC. This indicates that
the mechanism through which LTO is stabilizing the cycling of the full cell at
30 °C is not enough to suppress the side reactions at 55 °C.
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Figure 18. Cycling of symmetric NMC-NMC and LTO-LTO cells at different tem-
peratures. a) NMC-NMC cells, discharge capacity vs. cycle number. b) NMC-NMC
cells, coulombic efficiency vs. cycle number. ¢) LTO-LTO, discharge capacity vs.
cycle number. d) LTO-LTO coulombic efficiency vs. cycle number.

To confirm whether it is oxidation or reduction side reactions that dominate,
the LTO electrodes from the cycled cells were reassembled into new half cells.
The open circuit voltage (OCV) was far higher than 1.55 V (which is the po-
tential where LTO is delithiated) for the cells cycled at 30 °C and 55 °C, indi-
cating that these electrodes are fully delithiated when the full cell is dis-
charged. In other words, the LTO electrode will limit the discharge capacity
of the cell. At-10 °C, the potential was close to 1.55 V, showing that the LTO
electrode was not fully delithiated, likely due to the large over-potential as
seen from the large voltage hysteresis in Fig. 17b.

The cell parameters of the NMC electrodes from the discharged full cells
cycled 30 cycles were measured by X-ray diffraction (XRD). The cell param-
eters are useful for determining the degree of lithiation of NMC electrodes, as
the unit cell expands along the ¢ edge and contracts along the a edge during
delithiation.®”®* The amount of lithium in the electrodes was obtained by
comparing the measured ratio between the ¢ edge and the a edge.'™ The
amount of lost lithium corresponds to X in Li;.xNig33Mng33C00.3302; see Table
1. In the cycled electrodes, 7.8 % is lost after cycling at 30 °C, 21.7 % is lost
after cycling at 55 °C and 35% is lost after cycling at -10 °C. This confirms
the OCV measurements of the LTO electrodes, i.e. that the LTO electrodes
cycled at 30 °C and 55 °C are fully delithiated while the NMC could be lithi-
ated further. The fully delithiated LTO and the incomplete lithiation of the
NMC electrodes show that the electrodes have slipped relatively to each other,
and that it is the reduction side reactions that is predominant since it is the
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LTO electrode that limits the discharge capacity. At-10 °C neither of the elec-
trodes are fully lithiated or delithiated, further supporting that it is the over-
potential that limits the capacity.

Table 1. The ratio between the c edge and the a edge of the NMC unit cell, the
amount of lost lithium and the weighted profile R-factor of the Le Bail fit.

Sample c/a, A/A Lost lithium, % Ryp
Pristine powder 4.976 1.3 4.26
55 °C Cycling 5.052 21.7 6.24
30 °C Cycling 5.000 7.8 8.32
-10 °C Cycling 5.10 35 6.58

To characterize the side reactions taking place at the electrodes photoelectron
spectroscopy (PES) measurements were performed. On the NMC electrodes,
soft x-ray photoelectron spectroscopy (SOXPES) measurements were inves-
tigating the outermost surface (3 nm). Additionally, HAXPES measurements
were performed to probe deeper into the material: 20 and 50 nm. In Fig. 19,
the bulk peaks from the carbon black in the C 1s spectra at 285 eV and the
metal-oxygen feature at 530 eV is present in all samples even during the SOX-
PES measurements, indicating that the surface layer on the electrodes is thin-
ner than 3 nm.

The C 1s spectra show that there are various organic species formed on top
of the electrode. The contribution from organic species is slightly higher at
higher temperatures. LiF is seen in the F 1s spectra, and the HAXPES meas-
urements indicate that these are deeper into the surface layer. The contribution
from LiF decreases at higher temperatures, possibly due to the higher temper-
atures leading to increased solubility. At -10 °C the contribution from the
metal-oxygen feature at 530 eV is larger in the O 1s SOXPES spectra than at
the other temperatures, indicating formation of less organic species or for-
mation of a thinner surface layer.
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Figure 19. C 1s, F 1s and O 1s spectra of the NMC electrodes cycled 30 cycles.

From the relative atomic concentrations in Fig. 20, it is seen that the concen-
trations are very similar at 30 °C and 55 °C, but differs at -10 °C. At -10 °C,
the relative amounts of fluorine and lithium is higher, whereas the relative
amounts of carbon, oxygen and phosphorus are lower. In other words, more
LiF and less organic species are formed at -10 °C.
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Fig. 21 shows the Ni Ly m-edge and the Mn Lim-edge XANES spectra of the
NMC electrodes. Two features are observed in all of the Ni L spectra at 854.7
eV and 856.4 eV, whose relative contributions correspond to the oxidation
state:'"" a high intensity of the low energy peak indicates 2+, and a high inten-
sity of the high energy peak indicates 3+. In the pristine and at the electrode
cycled at 30 °C, much of the nickel seems to be present as Ni**, while more
Ni*" is present for electrodes cycled at -10 and 55 °C. This agrees well with
the XRD measurements, which showed that cycling at -10 and 55 °C will not
lithiate the NMC electrodes as much during discharge. Similarly, the Mn Li-
edge edge also consists of two main peaks, although both peaks correspond to
Mn*". On the low energy side of these peaks, small features corresponding to
Mn?* and Mn’" can be observed.'">** This might be caused by lattice recon-
struction of the NMC into the rock salt structure.’>
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Figure 21. XANES spectra of the NMC electrodes after 30 cycles: a) Ni L-edge, b)
Mn L-edge.

The LTO electrodes were analyzed with XPS to find out what kind of degra-
dation products that would form. The reactions at the LTO electrodes should
be the most interesting, since the OCV of the cycled LTO electrodes and the
XRD measurements showed that it was mainly reduction processes taking
place that would limit the capacity. Fig. 22 shows the O 1s, C Is F 1s and P
2p spectra of the cycled LTO electrodes.

Similarly to the NMC electrodes, the carbon black and the metal-oxygen
feature at 530.4 eV can be seen on all electrodes, indicating a surface layer
thickness thinner than 9 nm. The C 1s spectra show peaks around 285 eV and
287 eV, corresponding to —C-H and —C-O, respectively.'® At 55 °C the -C-H
peak has a larger contribution than for the other temperatures, indicating for-
mation of more hydrocarbons at elevated temperatures. The F 1s peak has
contributions from three different peaks at 685.0 eV, 686.2 ¢V and 688.1 eV
corresponding to LiF, Li.PF,/Li,PF,O, and LiPFg, respectively. At-10 °C, the
presence of LixPF,/LixPF,0, is much larger than at higher temperatures, pos-
sibly contributing to the large voltage hysteresis during the cycling. The P 2p
spectra show a large peak at 135.5 eV, which mainly corresponds to the salt
anion.*” At -10 °C the contribution around 138 eV is slightly larger, likely
coming from a different degradation product of the salt.
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Figure 22. O 1s, C 1s, F 1s and P 2p XPS spectra of the LTO electrodes cycled 30

cycles.

From the relative atomic concentrations in Fig. 23 it is seen that the fraction
of titanium varies between samples. It should only be present in the LTO par-
ticles as it is not expected to dissolve, and the titanium concentration is there-
fore an indication of the surface layer thickness. The low concentration at -10
°C suggest the thickest surface layer, whereas the high concentration at 30 °C
indicates the thinnest surface layer. The larger relative atomic concentration
of carbon at 55 °C further supports the increased amount of hydrocarbons
formed. At -10 °C, the fluorine concentration is larger than for the other tem-
peratures, also indicating that the formation of LixPF,/LixPF,0, is more pro-

nounced.
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Figure 23. The relative atomic concentrations at the surface layers of LTO electrodes
cycled at different temperatures.

4.3 How Electrolyte Solvent Affects Ageing

This section describes how the choice of electrolyte solvent affects ageing in
NMC (622)-LTO cells. The purpose has been to study electrolytes without
EC, as EC will be oxidized at high potentials but is less necessary as electro-
lyte component in cells not using graphite. The results are based on Papers 111
and IV.

4.3.1 Electrolyte Selection

It has previously been shown that linear low-M,, organic carbonates have good
stability at high potentials.'® Many linear carbonates also have a low viscos-
ity, which is beneficial for a high conductivity, but have a too low dielectric
constant which cause ion pairing. Linear carbonates can therefore be blended
with a solvent molecule having a high dielectric constant. To this end, the high
dielectric constant PC was chosen in combination with the low-viscosity
DMC. From the conductivity measurements (Fig. 24) it is seen that the PC-
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DMC mixtures achieve higher conductivity than the pure solvents and the EC
containing reference electrolyte.
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Figure 24. Tonic conductivity measured at different temperatures for electrolytes
containing 1 M LiPFg in different ratios of PC and DMC as well as LP40 (1M LiPFs
in EC:DEC, 1:1) reference electrolyte.

4.3.2 Electrochemical Performance

As seen above, cycling below room temperature can lead to rapid capacity
fading due to large overpotentials limiting the capacity. As seen in Fig. 25,
switching from an electrolyte containing EC to 1 M LiPFs dissolved in
PC:DMC (50:50) allows stable cycling and coulombic efficiency at -9 °C,
showing that these effects are electrolyte dependent.
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Figure 25. Cycling of NMC 622 vs. LTO between 1.45 V and 2.95 V: top) discharge
capacity vs. cycle number, bottom) coulombic efficiency vs. cycle number.

To evaluate the electrolyte stability at high potentials, a cycling protocol con-
taining pauses was performed. The cells were cycled with constant current
constant voltage (CC-CV) charging and constant current (CC) discharge, with
a pause (OCV period) inserted after some of the CC-CV charging steps; see
Fig. 26. The capacity lost during the discharge following the pause was com-
pared with the average of the discharge capacities of the previous and the fol-
lowing cycle. It is then seen that the PC containing electrolyte performs simi-
larly to the EC containing electrolyte, having a smaller capacity loss than the
electrolyte only containing DMC. This indicates that the presence of EC and
PC leads to fewer side reactions, likely due to formation of a stabilized elec-
trode interface preventing further electrolyte degradation.
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Figure 26. Cycling procedure applying a pause at 2.95 V: a) schematic representa-
tion of the cycling procedure, b) capacity lost in side reactions as a function of the
pause length.

4.3 .3 Electrode Surface Characterization

The electrodes were characterized with XPS to explore the degradation prod-
ucts formed on the electrodes. Fig. 27 shows the O 1s and C 1s core level
spectra of the NMC electrodes. From the higher intensity of the metal-oxygen
feature at 529 eV in the O 1s spectra of the electrolytes not containing PC, it
is shown that the PC degrades on the electrode and forms a thicker surface
layer. The degradation of PC at the electrode surface is also seen in the O 1s
spectra from the higher intensity between 531 and 534 eV, coming from or-
ganic species, and in the C 1s spectra as the larger contribution at 288.8 eV
correspond to C=0 and/or O=C-O groups.'**'? The reference electrolyte con-
taining EC has a larger peak at ~290 eV corresponding to carbonates, showing
that the EC degrades and forms a surface film on NMC.
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Figure 27. XPS spectra of the O 1s and C 1s orbitals of the NMC (622) electrodes.
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The LTO electrodes were also analyzed with XPS. Fig. 28 shows the C 1s, O
Is, F 1s, P 2p and Ti 2p core levels. From the high intensity of the peak at
283.9 eV in the C 1s spectrum and of the metal-oxygen peak in the O 1s spec-
trum, it is seen that the surface layer is the thinnest in the cell cycled with
LP40. This suggests that EC will react with the LTO electrode, making the
surface stable and preventing further electrolyte degradation. Comparing the
PC containing electrolytes with LP40, it is seen that the electrolytes have sim-
ilar peaks around 287 eV and 290 eV corresponding to -O-C-O and car-
bonates, respectively. At about 285 eV the PC containing electrolytes have
higher intensity, indicating formation of more hydrocarbons.
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Figure 28. XPS spectra of the C 1s, O 1s, F 1s, P 2p and Ti 2p orbitals of the
LTO electrodes.

Since PC-containing electrolytes showed good ionic conductivity and low
temperature cycling performance, but PC degraded at both electrodes in LTO-
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NMC cells, this indicates that the electrodes either should be stabilized some-
how, or that a different solvent or cosolvent should be used to achieve a longer
cycle life. Consequently, sulfolane was investigated as it is known to be stable
towards oxidation.”” Additionally, according to molecular dynamics simula-
tions, a mixture of sulfolane with DMC should be more stable towards higher
potentials than pure DMC.'””

The degradation of EC at high potentials were investigated by XPS. In Fig.
29, the O 1s spectra of NMC electrodes charged to 5 V and 6 V with EC-free
electrolytes as well as LP40 reference electrolyte are shown. It can be seen
that the peak at 532.5 eV has much higher intensity in the samples cycled with
the LP40, showing that EC breaks down at these potentials and forms a surface
layer on the electrodes. The peak is wide, indicating that the EC will break
down into various organic species. EC-free electrolytes thus seem more stable
at higher potentials.
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Figure 29. O 1s spectra of NMC-Li cells cycled to 5 and 6 V using different electro-
lytes.

4.3.4 Electrolyte Conductivity and Stability

Sulfolane has drawbacks, however, preventing it from being used in conven-
tional electrolytes. Primarily, it has a high melting point of 28 °C* and also
high viscosity. On the other hand, despite the high viscosity a mixture of DMC
with sulfolane achieved higher conductivity than pure DMC, similar to the
LP40 reference electrolyte; see Fig. 30.

50



- 16 -
£ .
5]
w 124
E
=
o 4 — a ™ oo am—— w‘,’,w' 4
2 8' - er!" . ‘“ﬂ‘.qqdq
3] amanereannesne e » 100% DMC
3 4- 4 - = LP40
cC a4 25% Sulfolane, 75% DMC
o - v 50% Sulfolane, 50% DMC
O 0- < 75% Sulfolane, 25% DMC
| I I | |
20 30 40 50 60

Temperature [°C]

Figure 30. Ionic conductivity measured at different temperatures for electrolytes
containing 1 M LiPFg in different ratios of sulfolane and DMC as well as LP40 ref-
erence electrolyte.

The electrochemical stability towards electrolyte oxidation was measured by
Linear Sweep Voltammetry (LSV). It was found to be similar for all electro-
lytes, showing degradation above about 4.5 V; see Fig. 31. It has been shown
with molecular dynamic simulations that the sulfolane will adsorb stronger to
the positive electrode than the DMC, thereby increasing the distance between
the electrode and the DMC.'"” The DMC molecules in a sulfolane based elec-
trolyte are therefore likely to experience a lower electrochemical potential,
and consequently less likely to be oxidized than DMC in a different electro-
lyte.'”” This phenomenon, however, does not seem to significantly affect the
oxidation potential of the DMC in the mixtures with sulfolane investigated
here, indicating that the sulfolane concentration must be high in order to in-
crease the oxidation stability.
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Figure 31. LSV measurements of electrolytes containing 1 M LiPF in different ra-
tios of sulfolane and DMC as well as LP40 reference electrolyte.
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4.3.5 Surface Layer Formation in Sulfolane Based Electrolytes

Fig. 32 shows the C 1s, O 1s and Ti 2p core levels of the LTO electrodes after
cycling 100 cycles using different ratios of sulfolane in the electrolytes. Both
of'the electrolytes containing sulfolane have a larger intensity than electrolytes
containing pure DMC at 284.1 eV in the C 1s spectra, 530.4 eV in the O 1s
spectra and 459 eV in the Ti 2p spectra corresponding to carbon black, oxygen
in the LTO and titanium in the LTO, respectively. The high intensity of these
compounds present in the bulk show that the surface layer is much thinner
when sulfolane is present in the electrolyte as compared to pure DMC. In this
context, it is interesting that the LP40 electrolyte forms a thinner surface layer
than the pure DMC electrolyte; see Fig. 28. The surface layer for LP40 is still
not as thin as what is observed for the sulfolane containing electrolytes. If
compared with cycling data, a thin surface layer seems beneficial for the ca-
pacity retention.
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Figure 32. XPS spectra of the C 1s, O 1s and Ti 2p core levels of LTO electrodes af-
ter cycling.
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4.4 Investigation of Commercial Cells

This section describes the effect of temperature and state of charge (SOC) in-
terval on capacity fading of commercial NMC/LMO vs. graphite cells. The
aim was to analyze the ageing mechanisms limiting the capacity after long
term cycling. The results based on SOC-level cycling that are presented in this
section are based on Paper V.

4.4.1 Cycling Results of the Cells

In Fig. 33, the capacity retention of four cells cycled at different temperatures
and in different SOC intervals are shown. Two of the cells are cycled at 25
°C and 45 °C in the range of 0-90 % SOC, and the other two cells are cycled
in the range of 10-20 % SOC and 60-70% SOC at 45 °C. It should be noted
that all cells are cycled for different amount of time, which is also likely af-
fecting their ageing. The cells were stopped when reaching about 80 % of the
initial SOC value, but the cell cycled at 45 °C in the range of 0-90 % SOC
reached 72 % of the initial SOC value and the cell cycled in the range of 10-
20 % SOC at 45 °C reached 92 % of the initial SOC value. Since the cells are
cycled both to different SOC levels and for different number of cycles, it is
difficult to make any firm conclusions through straightforward comparisons
between the cells, though.

It is seen that the capacity fading in the cell cycled at 45 °C for 0-90 % SOC
is the most rapid out of all cells. It is also seen that the capacity fading is worse
in the cell cycled between 60 and 70 % SOC than the cell cycled between 10
and 20 % SOC.
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Figure 33. Discharge capacity of cells cycled in 10-20 % SOC, 60-70 % SOC, 25 °C
and 45 °C. Cycling performed by E. Wikner, Chalmers University of Technology.
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4.4.2 Electrochemical Performance of Cycled Electrodes

Fig. 34 shows the incremental capacity plots of commercial NMC/LMO elec-
trodes cut out from the cells before and after cycling, and reassembled into
lab-scale cells with lithium as negative electrode. It is seen that the capacity
of the NMC/LMO electrodes (corresponding to the area of the incremental
capacity plot) is smaller for the cycled electrodes than the uncycled electrodes.
The result is similar both for cycling at different temperatures and different
SOC intervals. The cycling was performed at a low current of 0.1 mA/cm?,
making contribution from resistive effects small. Since resistive effects should
have negligible impact on the performance of the NMC/LMO electrodes, the
decreased capacity must be explained by permanent damage to the electrode
material, i.e. loss of active material (loss of contact between particles, material
degradation etc.). In the incremental capacity plots, the peak at 3.74 V corre-
sponds to the NMC particles and the peaks at 4.00 and 4.14 V correspond to
lithiation of the LMO particles. Since it can be seen that the major capacity
loss is caused by the peak at 3.74 V, it can be concluded that it is the NMC
particles that are the cause for loss of active material during cycling.
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Figure 34. Incremental capacity plots of NMC/LMO electrodes cycled vs. lithium. a)
NMC/LMO electrodes previously cycled at 25 °C, 45 °C and uncycled electrode. b)
NMC/LMO electrodes previously cycled between 10 and 20 % SOC, 60 and 70 %
SOC and uncycled electrode.
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In Table 2, the discharge capacity of both the lab-scale NMC/LMO vs. Li cells
and graphite vs. Li cells are shown at two different C-rates. At the current of
0.1 mA/cm?, less capacity loss is observed in the graphite vs. Li cells than the
NMC/LMO vs. Li cells, indicating less loss of active material in the graphite
electrodes. After cycling at higher current, however, the discharge capacity of
the graphite vs. Li cells is far less than the NMC/LMO vs. Li cells. This means
that during cycling at a higher C-rate — closer to the rate used during the ageing
test — the graphite electrodes will limit the capacity in the cells. The graphite
electrodes are therefore limited by the resistance during cycling.

Table 2. Discharge capacity (mAh/cm?) of graphite vs. lithium and NMC/LMO vs.
lithium at different C-rates during the third cycle.

Graphite vs. Li NMC/LMO vs. Li

Uncy 25 60- 10- 45 Uncy 25 60- 10- 45
cled °C  70% 20% °C fcled °C 70% 20% °C
SOC SOC SOC SOC

Discharge (0.73 0.71 0.72 0.72 0.65 [0.72 0.65 0.66 0.70 0.52
capacity at
0.1 mA/cm?

Discharge 0.29 0.31 0.19 029 022 0.61 0.51 045 0.60 0.33
capacity at
3.0 mA/cm?

4.4.3 The Electrode Surfaces and Electrolyte Decomposition

Fig. 35 shows the P 2p spectra and the F 1s spectra of the graphite electrodes
cycled at different temperatures. In the P 2p spectra, a peak at 136.8 eV (cor-
responding to P-F containing SEI species) is present in all samples. In the cell
cycled at 45 °C, however, a small peak at 134.3 eV is also present. For the
electrode cycled at 45 °C, the relative contribution from the P-O species is far
larger than that observed at the electrode cycled at 25 °C. The observed phos-
phorus compounds should be caused by degradation products of the LiPFg salt.
LiPF salt degradation in organic electrolytes at elevated temperatures have
previously been shown, where formation of HF take place.®’ HF is known to
cause various side reactions including reaction with electrode particles'®* or
the surface films on the electrodes'®*’ leading to shorter cycle life. The in-
creased presence of LiPFe salt degradation products detected could therefore
indicate formation of more HF leading to a shorter cycle life.

55



The peaks observed in the F 1s spectra can also be caused by degradation
products of the LiPF salt. The peak at 687 eV corresponds to P-F compounds
and the peak at 685 eV corresponds to LiF. At 45 °C, it is seen that the relative
contribution of LiF is larger than in the uncycled electrode and the electrode
cycled at 25 °C.
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Figure 35. XPS measurements of the P 2p and the F 1s spectra of graphite electrodes
after cycling at different temperatures.

Fig. 36 shows the core level spectra of graphite electrodes cycled in 10-20 %
SOC, 60-70 % SOC and also uncycled electrodes. The manganese spectra are
intensity normalized against the carbon intensity of the corresponding sample,
allowing rough comparisons of intensity between different spectra. In the Mn
2p spectra, a large intensity contribution is observed in the cell cycled in the
60-70 % SOC interval, whereas the intensity is weak in the cell cycled at 10-
20 % SOC and barely visible in the uncycled cell. This indicates dissolution
of manganese from the NMC/LMO electrode and subsequent transportation
towards the graphite electrode. The large differences in manganese intensity
therefore indicate that manganese dissolution is more severe in the 60-70 %
SOC interval than the 10-20 % SOC interval. It has previously been found that
manganese dissolution is more severe at higher potentials,*' corresponding
well with the observation of more manganese dissolution in the 60-70 % SOC.
Manganese dissolution has previously been attributed to cause increased re-
sistance in the graphite SEI layer, likely caused by reaction products between
the manganese and SEI components hindering the Li-ion diffusion.*!

In the F 1s spectra a peak corresponding to P-F compounds in the SEI layer
is observed as well as a peak corresponding to LiF. The spectra are obtained
using two different photon energies, making it possible to distinguish where
in the SEI layer the species are found. In both cycled electrodes a higher in-
tensity of LiF is obtained using 6795 eV as photon energy, indicating a larger
concentration of LiF in the inner part of the SEI layer than the outer part. In
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the uncycled sample, however, no major differences are observed, thereby in-
dicating a homogeneous distribution of species through the surface layer.

Mn 2p &F F1s
60-70 % SOC
10-20 % SOC
uncycled
T T T T T T T T | T T
660 655 650 645 640 635 692 690 688 686 684
Binding Energy [eV] Binding Energy [eV]

Figure 36. Synchrotron based measurements of the Mn 2p and the F 1s spectra of
graphite electrodes after cycling in different SOC intervals. Solid lines correspond-
ing to measurements at 2265 eV and dashed lines corresponding to measurements at
6795 eV.

4.4.4 Discussion Regarding Electrochemical Performance and
Surface Chemistry

From the cycling results, it was found that the graphite electrodes limited the
capacity of the cells at higher C-rates both for cells cycled at different temper-
atures and in different SOC intervals. Since the graphite electrodes only had
minor capacity fading at a slow C-rate, the capacity loss is attributed to resis-
tive limitations of the electrode. This correlates well with the XPS results,
where we see relatively higher concentrations of LiPF¢ degradation com-
pounds during cycling at 45 °C than during cycling at 25 °C or in the uncycled
cells. However, in cells cycled in different SOC intervals, the largest differ-
ence is instead the amount of manganese dissolution, where it is far higher in
the cell cycled at 60-70 % SOC than the cell cycled at 10-20 % SOC or in the
uncycled cell.
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5. Conclusions

Ageing of batteries, primarily shown as capacity fade, forms the context of
this thesis work. It presents investigations of surface chemistry and electro-
chemical performance of LIB cells in both commercial and lab scale systems.

It is shown that the capacity retention in cells containing NMC as positive
electrode is to a large extent influenced by the negative electrode material,
where lithium foil has a poor performance as compared to graphite and LTO.
The poor performance in NMC-Li cells seems to be caused by excessive elec-
trolyte degradation at the lithium foil, leading to diffusion of degradation prod-
ucts from the lithium foil towards the NMC electrode. XPS studies showed
that the surface layer on NMC electrodes mainly consists of organic com-
pounds after cycling vs. lithium foil, as opposed to graphite and especially
LTO where the inorganic compounds have a larger presence. In NMC-Li cells,
it is also shown that the buildup of surface layers occurs gradually during the
battery cycling, as opposed to the ideal case where the surface layer formation
process is finished after the first few cycles. The poor capacity retention
caused by gradual electrolyte degradation in NMC-Li cells is one of the ob-
stacles for the use of lithium in commercial cells, where instead a less reactive
electrode material should be used to achieve long cycle life.

These studies also highlight the importance of cycling the cells within the
right temperature interval to decrease ageing, avoiding both cold and warm
environments. At high temperatures, continuous side reactions took place at
the LTO throughout the cycling, causing a loss of active lithium and capacity
loss due to a slippage of the electrode’s potential window. At 30 °C, less side
reactions took place at the LTO. Moreover, the initial electrolyte reduction at
the LTO electrode stabilized the NMC electrode, leading to a higher capacity
retention. At subzero temperatures the cycling performance was poor, mainly
caused by the high cell resistance.

It could, however, be seen that low temperature cycling performance could
be improved by changing the electrolyte. By exchanging the EC in the elec-
trolyte to PC, cycling was performed without capacity fading. But even though
it is beneficial if cells can operate at low temperatures, the cells must generally
be able to cycle at higher temperatures too. Unfortunately, PC participated in
side reactions at both of the electrodes during cycling at 30 °C, contributing
to thicker surface layers and capacity losses. This illustrates the difficulties in
finding an electrolyte that can operate in both sub-zero and ambient environ-
ments.
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The degradation of EC at high potentials was also found to form surface
films on the positive electrode. This supports that exchanging EC for a differ-
ent, more stable, solvent should be beneficial. Replacing EC with sulfolane,
however, led to similar capacity fading during cycling. Sulfolane still per-
formed better than pure DMC, which is another possibility for high voltage
cells where the conventional EC containing electrolytes might be replaced.
Both EC and sulfolane based electrolytes had thinner surface layers than the
pure DMC electrolytes — that are supposed to be stable — indicating that these
electrolytes either are more stable or form more stable surface layers and pre-
vent further degradation and ageing.

In commercial cells, it was seen that cycling at lower temperature (25 °C)
and lower SOC intervals prevent cell degradation. Furthermore, it was shown
that the NMC/LMO electrodes undergo more loss of active material than the
graphite electrodes, independent of temperatures or SOC intervals investi-
gated. Especially NMC particles degrade to a larger extent as compared to
LMO particles.

Increasing the temperature from 25 °C to 45 °C will cause an increase of
LiPFg salt degradation on the graphite electrodes, indicating that this could be
one of the reasons for the poor capacity retention at higher temperatures.
Avoiding elevated temperatures during cycling is therefore crucial for keeping
a long cycle life, at least for this cell chemistry. If the SOC interval is changed
from 10-20 % SOC to 60-70 % SOC, an increase of manganese is observed
on the graphite electrode, indicating that manganese dissolution is an im-
portant factor at high SOC intervals, leading to worse SEI layers. The in-
creased manganese dissolution at higher SOC intervals seems to be the cause
of the more rapid capacity fading observed. For applications where cycling is
performed in a limited SOC interval, choosing a low SOC interval will de-
crease the effects of the severe ageing mechanisms, thereby allowing a longer
cycle life.

These studies have stressed how the interplay between surface chemistry
and electrochemical performance in LIB cells affect ageing using NMC,
graphite, LTO and lithium electrodes. Ageing of batteries is a sensitive and
complex phenomenon to study, because there are several factors contributing,
each being detrimental for the cycle life. From these above studies, it was
found how the capacity retention is reduced by electrolyte degradation at ei-
ther the negative or the positive electrode, increased cell resistance, and man-
ganese dissolution. Despite these many issues, there nevertheless exist possi-
bilities to circumvent rapid degradation. Especially the choice of cell chemis-
try is of large importance, where reactive electrodes and electrolytes should
be avoided. During normal operating conditions, a combination of many of
the common LIB materials are suitable (except lithium foil which is too reac-
tive). For instance, using LTO was even found to be stabilizing the side reac-
tions at the NMC electrode. If the application on the other hand requires low
temperatures, the standard EC containing electrolyte should be exchanged for
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a solvent with lower freezing point such as PC, which possesses many of EC’s
beneficial properties. For applications requiring a very long cycle life, it is
preferable to cycle the cells in a low SOC interval, so that manganese disso-
lution can be avoided. In applications where cells with a high energy density
are required and the cells therefore have to be charged to high potentials, it is
beneficial to use electrolytes which do not degrade, e.g. sulfolane-based. Thus,
using the right cell chemistry for the right cycling condition is essential for
reaching a long cycle life and avoiding ageing.
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6. Sammanfattning pa svenska

Antalet litium-jonbatterier har under de senaste aren okat i méinga tillamp-
ningar. Inte minst har detta géllt portabel elektronik, men &ven i stérre pro-
dukter som elektriska fordon. De manga tillimpningarna stiller olika krav pa
batterierna. I portabel elektronik s& har storlek och vikt stor betydelse medan
pris och livstid inte har samma betydelse — batterierna behdver énda inte halla
sd manga ar. | elektriska fordon déremot sé har pris och livstid mycket storre
betydelse. Det handlar om batterier som ofta viger mer &n hundra kilo, och
som dirmed innehéller en stor méngd dyra och sillsynta material, samt att
man vill anvidnda en bil under mycket ldngre tid 4n en barbar dator eller mo-
biltelefon. Detta gor dldrandet av batteriet centralt.

Mainskligheten har sedan urminnes tider fascinerats och skramts av &ldran-
det. Detta giller sé vil oss sjdlva som det som omger oss: vi malar, opererar,
renoverar, forbattrar och forstirker bade oss sjédlva, byggnader och saker. I
princip éldras alla material, och materialen i batterier utgor inget undantag.
Litium-jonbatterier degraderar sakta medan de anvinds, men dven nér de inte
anvands. Degraderingsprocesserna beror pa vad det finns for material i cel-
lerna samt under vilka betingelser batterierna anvénds. I ett vanligt litium-
jonbatteri finns det tva elektroder som har en stor potentialskillnad mellan
varandra, t.ex. grafit och litiumnickelmangankoboltoxid (NMC) &r ofta an-
vénda. Det ar den stora potentialskillnaden mellan elektroderna gor sa att det
ar svart for kemiska foreningar att inte degradera i kemiska sidoreaktioner.
Det dvergripande syftet med forskningen i denna avhandling &r att undersdka
vilka degraderingsprocesser som sker i NMC-baserade litium-jonbatterier be-
roende pé hur cellen anvénds och vilka material som ingér i cellen.

Hur olika elektroder paverkar livslingden i NMC-baserade celler under-
sOktes dd@ NMC cyklades mot grafit, litiumtitanat samt littumfolie i olika bat-
terier. Det visade sig att kapacitetsforlusten var lag i celler dir NMC cyklades
mot litiumtitanat och grafit, medan den var hog i celler dir NMC cyklats mot
litiumfolie. Analys av den kemiska sammansdttningen m.h.a. rontgenfotoe-
lektronspektroskopi av NMC-elektroderna visade att det fanns mer organiska
nedbrytningsprodukter i cellen med NMC-litium, och att méngden nedbryt-
ningsprodukter 6kar med tid som cellen har cyklats. Detta stimmer ocksé vél
med hur dverpotentialen 6kar med tiden i denna typ av celler. Den okade
méngden organiska nedbrytningsprodukter pd NMC-elektroden som observe-
rades i NMC-litiumcellen visar att degradering av elektrolyten sker vid litium-
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folien, medan degraderingsprodukterna direfter diffunderar over till NMC-
elektroden.

Aven val av elektrolyt undersdktes for att minska aldring i celler cyklade
till hoga potentialer. For att elektrolyten skulle bli mer stabil byttes etylenkar-
bonaten (EC) — vilken visat sig vara instabil vid hdga potentialer — ut mot
propylenkarbonat (PC). Dessa elektrolyter har hog konduktivitet, vilket &r bra
om cellen ska laddas snabbt. Tyvérr visade det sig att &ven PC var forhallan-
devis instabil vid hdga potentialer och reagerade pa elektroderna s att tjocka
ytlager bildades. Darfor undersoktes dven ett annat 16sningsmedel som gjort
sig ként for att vara stabil vid dessa betingelser. Detta I6sningsmedel utgjordes
av sulfolanmolekyler, och verkade bra eftersom celler som laddats upp till 5
V inte skapade ndgot tjockt lager av degraderingsprodukter. Aven efter flerta-
let upp- och urladdningar av batterier sé blev ytlagret betydligt tunnare med
sulfolan i elektrolyten, vilket tyder pé att den inte degraderar s& mycket, och
dérmed inte aldras lika snabbt.

Forutom olika cellkemier s& undersoktes dven hur temperatur paverkar
cykling av celler. Vid 30 °C kunde cellerna cykla utan att &ldras mycket. Dér-
emot vid bade -10 °C och 55 °C aldrades cellerna snabbt. Det visade sig att
vid 30 °C s4 stabiliserade reaktionerna vid litiumtitanaten (den negativa elek-
troden) NMC-elektroden, sé att cellen kunde cykla utan att aldras. Vid 55 °C
var inte stabiliseringen tillréckligt bra, vilket fick elektrolyten att reagera vid
LTO elektroden. Vid -10 °C var & andra sidan resistansen sa stor att all kapa-
citet inte kunde anvindas. For att cykla vid 1dga temperaturer ar val av elekt-
rolyt viktigt, och da ir 16sningsmedelsmolekylernas sméltpunkt av stor bety-
delse. Darfor anvéndes dven elektrolyt som inneh6ll propylenkarbonat (som
har en lag sméltpunkt) i stéllet for etylenkarbonat, vilket fungerade vil utan
att cellen aldrades.

Slutligen undersoktes dven kommersiella celler i denna avhandling. Cel-
lerna hade laddats och urladdats i begransande intervall eller anvénts vid olika
temperaturer. Det visade sig att celler som laddats upp och ur mellan 10 till 20
procent av batteriets kapacitet hade mycket mindre kapacitetsforluster dn cel-
ler som laddats upp och ur mellan 60 till 70 procent. Efter att batterierna
cyklats klart plockades de isér for att sedan ater séttas ihop till celler dar elek-
trodernas individuella kapaciteter kunde bestimmas. Det visade sig att den
positiva elektroden hade degraderats mer én den negativa elektroden, men att
det &r den negativa elektroden som kommer att begriansa kapaciteten av cellen
vid snabba upp och urladdningar. Rontgenfotoelektronspektrometrimétningar
kunde visa att det sannolikt dr utlésning av mangan ur den positiva elektroden
tillsammans med ett nagot tjockare lager av elektrolytdegraderingsprodukter
som orsakar den korta livsldngden dé cellen cyklats mellan 60 och 70 % av
dess kapacitet.

For att undvika snabbt aldrande &r det darfor fordelaktigt att inte forvara
cellerna varmt, eller att anvinda dem utomhus pa vintern. Dessutom dr det
béttre att ladda batterierna ofta men dé att undvika att ladda dem fullt. Genom
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att anpassa materialen i cellen och tillampa ett snéllt anvindande av batteri-
erna s ar det mojligt att anvinda dem i flera ar utan att de behdver bytas ut.
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