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Chapter 1
Introduction
1.1 Energy storage
In the past centuries the rapid development of our world was ensured by a vast amount of
fossil fuels. Nowadays it is commonly accepted that such dependence on minerals creates an
obstacle for sustainable development of our society. The limited resources which are irregularly
distributed between the countries and continents facilitate conflicts and social unrest. In addition
to that, excessive emissions of greenhouse gases pollutes the living environment and accelerates
global warming processes with potentially disastrous consequences.
Renewable energies such as solar, wind, tidal and geothermal are considered as an
alternative for fossil fuels. However, solar and wind are irregular in time and space, while tidal
and geothermal energies are location specific. All these sources require energy storage devices
to act as buffer to stabilize the energy output. Many storage methods have been proposed, such
as mechanical energy storage, electromagnetic energy storage, energy storage in organic fuels
and hydrogen and electrochemical energy storage [1, 2]. Among the various methods that can
be used for energy storage, the electrochemical methods, in particular batteries, draw
considerable attention in the last decades. Combining a high efficiency with portability and the
possibility for scaling, batteries develop quickly.
Table 1.1. Various battery systems including primary and secondary batteries
Primary battery

Aqueous electrolyte

Non-aqueous electrolyte

Manganese dry cell

Metallic Li battery

Alkaline dry cell
Magnesium cell
Secondary battery

Lead-acid battery

Li-ion battery

Ni-Cd battery
Ni-MH battery
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Batteries are nowadays the most popular devices for both stationary and portable energy
storage. Batteries are closed systems in which electrical energy is generated by conversion of
chemical energy via redox reactions at the negative and positive electrodes [3]. Currently
batteries are classified into primary batteries, which can be only discharged, and secondary
batteries, which permit multiple charging and discharging cycles. Table 1.1 summarizes the
main battery systems according to this classification.

1.1.1 Primary batteries
Primary batteries are produced in the charged state and provide only one continuous or
intermittent discharge. During the discharging process, the chemical energy stored inside the
battery is irreversibly converted into electrical energy. The working principles of a manganese
battery can be represented by a half-cell reaction at the negative electrode
Zn → Zn2+ + 2e-,

[1.1]

that at the positive electrode can be represented by
2MnO2 + 2NH4+ +2e- → Mn2O3 + 2NH3 + H2O,

[1.2]

and, consequently, the total reaction of the cell can be represented by
Zn + 2MnO2 + 2NH4+ → Zn2+ + Mn2O3 + 2NH3 + H2O.

[1.3]

The battery voltage of a fresh manganese dry cell is 1.5V.
Metallic lithium batteries are the most energy-dense primary cells. Research of this lithium
battery has been started in 1912 [4]. The breakthrough came in 1958 when Harris revealed the
stability of metallic Li in a number of nonaqueous electrolytes. The passivation layer formed
on the Li surface prevents the direct chemical reaction between Li metal and the electrolyte but
still allows ionic transport [5]. Numerous inorganic compounds such as SO2, SOCl2, MnO2, CFx
have been used as cathode materials in Li batteries. Since the late 1960s a series of nonaqueous
Li batteries with various cathode materials have been developed and commercialized.
The advantage of this battery type was first demonstrated in the early 1970s. Owing to their
high capacity and variable discharge rate, Li batteries have been rapidly applied as power supply
for watches, calculators or implantable medical devices [4, 6]. Rechargeable Li batteries, using
Li-insertion compounds as positive electrode, were further developed since the mid 1970s.
Since these times extensive efforts have been spent to commercialize rechargeable Li batteries.
However, the dendrite formation on the Li electrode surface represents a challenge for the
development of rechargeable Li batteries. The Li dendrites formation frequently leads to short
2
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circuits with catastrophic consequences. Li batteries are therefore preferably considered as
primary batteries only.

1.1.2 Secondary batteries
A secondary battery is a cell or group of cells where the chemical energy and electrical
energy can reversibly be stored and extracted. After being discharged the battery can be
recharged to its initial state by an electric current flowing in the direction opposite to the
discharge current [3]. Secondary batteries are usually assembled in the discharged state, and
have therefore to be charged first before these can be used as energy source.
a. Lead-acid batteries
The first rechargeable battery system, the lead-acid battery, was invented by Gaston Plante
in 1859. It survived tough competition with many other batteries and is still playing a dominant
role after more than 150 years of use in many applications. Lead-acid batteries have remained
one of the leading commercial systems mainly because of their low cost and the capability of
delivering large currents. It is also known to be a highly recyclable product. The anode of the
battery is composed of metallic lead and the cathode is PbO2. The electrolyte is H2SO4 solutions.
The working mechanisms of a lead-acid battery can be represented by a half-cell reaction at the
negative electrode
PbSO

2

SO

Pb,

[1.4]

the half-cell reaction at the positive electrode
PbSO

2H O

4H

PbO

SO

2

,

[1.5]

and the total reaction of the cell can then be represented by
2PbSO

2H O

PbO

Pb

2H SO4 .

[1.6]

b. NiCd batteries
The first nickel-based battery system was invented by Thomas Edison in 1898 and was
based on an iron anode, which was then further modified by Jungner by replacing iron with
cadmium to NiCd batteries. The working principles of NiCd batteries are represented by a halfcell reaction at the negative electrode
3
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Cd OH

2

Cd

2OH ,

[1.7]

at the positive electrode
2Ni OH

2OH

2NiOOH

2H2 O

2

2H2 O

Cd.

,

[1.8]

and the total reaction of the cell then can be represented by
Cd OH

2Ni OH

2NiOOH

[1.9]

It is well known that NiCd batteries suffered from the “memory effect”, a phenomena of
sharp voltage drop during the initial discharging period. The reduction of the capacity due to
memory effect can be recovered by a deep discharge followed by a normal recharging. The
memory effect of NIcD should be checked.
c. NiMH batteries
The NiMH battery was made by replacing the cadmium anode by a hydride-forming
electrode (MH). During charging electrochemical hydriding of the MH electrode takes place,
while the reverse process occurs during discharging [7, 8]. In contrast to the NiCd battery, the
water content and the OH concentration inside the NiMH battery is constant. The main storage
reactions of the NiMH battery are represented by a half-cell reaction at the negative electrode
M

H2 O

MH

OH ,

[1.10]

and the positive electrode
Ni OH

OH

NiOOH

H2 O

,

[1.11]

with overall reaction
M

Ni OH

MH

NiOOH.

[1.12]

d. Li-ion batteries
The Li-ion technology has been developed on the basis of the existing primary Li batteries.
To circumvent the safety issues caused by Li-dendrite formation in metallic Li batteries, several
alternative approaches were pursued in which either the electrolyte or the negative electrode
was modified. Capitalized on earlier findings, carbonaceous materials were proposed as anode
4
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material which finally led to the creation of the C/LiCoO2 rocking-chair cell commercialized
by Sony Corporation in June 1991 [6]. These batteries with a configuration of carbonaceous
material as negative electrode and lithiated metal oxides as positive electrode were called Liion batteries.

Fig. 1.1. Comparison of the different battery technologies in terms of volumetric and gravimetric energy
density [6].

Li-ion batteries represent a breakthrough in the field of power sources for a variety of
applications. Fig. 1.1 shows the comparison of the various secondary batteries in terms of
volumetric and gravimetric energy density. Although the energy density of metallic Li batteries
is much higher than that of other battery systems, it suffers from serious safety issues. Obviously,
Li-ion batteries are the best option for mobile applications from both the energy density and
safety point of view. The advantage of Li-ion batteries can be summarized as


High specific gravimetric and volumetric energy density



Low self-discharge



Long cycle life



No maintenance



No memory effect



Fairly wide operating temperature range



Fairly high rate capability

Details of this battery system will be discussed in the following section.
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1.2 Li-ion batteries
1.2.1 Historical development
Li-ion batteries have been developed on the basis of metallic Li batteries. By 1972, the
concept of electrochemical intercalation and its potential application was clearly demonstrated
[6]. The concept of Li-ion batteries has been proposed in the late 1970s by Armand [9] who
suggested to use two different intercalation compounds as positive and negative electrodes in
the so-called rocking-chair battery. The Li+ ions can be transferred from one electrode to the
other during charging and discharging. Lazzari and Scrosati already assembled a cell with two
intercalation compounds in the early 1980s. However, this concept has drawn significant
attention only after the successful introduction of the Japanese industry. Sony and Sanyo in
1985 and 1988, respectively, have utilized new cathode materials following the fundamental
research of Goodenough in Oxford [10] and new anode materials following Armand and
Touzain in Grenoble [11], who evidenced the fast motion of lithium ions in layered host
structures. Table 1.2 shows the initial patents applied for Li-ion batteries. The first patent related
to the construction of a Li-ion batteries was issued on 5 October 1985 by Asahi Chemical Ind.
(Japan).
Table 1.2. Prior patents related to Li-ion batteries [4].
Inventor/company

Patent title

Patent number

Application date

Goodenough JB, Mizushima K

Fast ion conductors (AxMyO2)

US

05-04-1979

(Kingdom Atomic Energy)

4,357,215 A

Goodenough JB, Mizushima K

Electrochemical cell with new fast ion

US

(Kingdom Atomic Energy)

conductors

4,302,518

Ikeda H, Narukawa K, Nakashima

Graphite/Li in nonaqueous solvents

Japan

H (Sanyo)
Basu S (Bell labs)

31-03-1980
18-06-1981

1,769,661
Graphite/Li in nonaqueous solvents

US

13-09-1982

4,423,125
Yashino A, Jitsuchika K, Nakajima

Li-ion battery based on carbonaceous

Japan

T (Asahi Chemical Ind.)

material

1,989,293

Nishi N, Azuma H, Omaru A (Sony

Nonaqueous electrolyte cell

US

Corp.)

05-10-1985
29-08-1989

4,959,281

Sony Energytec Inc. has commercialized the first type of Li-ion battery using LiCoO2 as
cathode and non-graphitic carbon as anode. The electrolyte they applied was propylene
carbonate (PC) / diethyl carbonate electrolyte (DEC) solution combined with LiPF6 salt. The
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Li-ion battery was designed to be a 18650-type with an energy density of 253 Wh·L- 1. This
battery type was aimed to power mobile phones [4]. Lithium-ion chemistries represent a
significant step forward in battery technology. During the following decades investigation,
active R&D was directed towards alternative electrode materials resulting in small, light-weight
and high-energy-density batteries that have successfully enabling a wide range of new
applications [12].

1.2.2 Structure and working principles
Fig. 1.2 represents the layout of a Li-ion cell (C6/LiFePO4). Like all electrochemical cells,
a commercial Li-ion cell is composed of two electrodes, an anode and a cathode. A separator
membrane is placed between the two electrodes to prevent electrical contact. The cell is filled
with electrolyte composed of non-aqueous solvents and Li salts, e.g., EC (ethylene carbonate)
/ DEC (diethyl carbonate) / DMC (dimethyl carbonate) (1:1:1) VC (Vinylene carbonate) 2%,
LiPF6 (1M).

Fig. 1.2. Layout of Li-ion battery (C6/LiFePO4).

As shown in Fig. 1.2, during charging electrons are extracted from the LiFePO4 cathode and
flow into the graphite electrode through the outer circuit (red arrow). Simultaneously, Li+ ions
are delithiated from the LiFePO4 electrode and transported through the electrolyte to the
graphite electrode (red arrow) safeguarding charge neutrality in the electrodes. The electric
energy converts into chemical energy during charging. The transportation direction of electrons
and Li+ ions are reversed during discharging as indicated by black arrows in Fig. 1.2. The stored
chemical energy converts into electrical energy during discharging. The main electrochemical
storage reactions of this battery type can be represented by
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C6 + xLi+ + xeLiFePO4

Li

Li C ,
FePO + xLi

[1.13]
xe- ,

[1.14]

Li C ,

1.15

resulting in the following overall reaction
C6

LiFePO4

Li

FePO

where x is the State-of-Charge (SoC), 0 ≤ x ≤ 1.
A battery consists of a group of interconnected electrochemical cells. Shapes and
components of various Li-ion battery configurations are shown in Fig. 1.3. Cylindrical batteries
in most products follow standard models in terms of size, for example, the 18650 and 26650
cell. Typical 18650 cells in commercial Li-ion battery products have a volumetric energy
density of 600–650 Wh·L−1, which are approximately 20% higher than those of their pouch
counterparts [13]. The main components of the Li-ion battery are the anode, cathode, separator,
electrolyte and current collectors. Generally, graphite is used as the anode electrode in most
commercial batteries while cathode materials can vary due to different requirements in the
various applications.

Fig. 1.3. Representation of the shape and components of various Li-ion battery configurations [6]:
cylindrical (a), prismatic (b), coin (c) and pouch cell (d).

The energy density and stability of Li-ion batteries are strongly determined by the electrode
materials and the electrolyte. The general requirements with respect to electrode materials and
8
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electrolyte are schematically represented in Fig. 1.4. The relative electron energies in the
electrodes and the electrolyte of a thermodynamically stable cell with nonaqueous electrolyte
are shown in Fig. 1.4. The Fermi levels of the two electrodes are

for the anode and

for

the cathode. The energy difference of the Lowest Unoccupied Molecular Orbital (LUMO) and
the Highest Occupied Molecular Orbital (HOMO) of the electrolyte is the “operating window”
of the electrolyte [14, 15]. As illustrated in Fig. 1.4, in case of that LUMO* (red) is below
the electrolyte will be reduced at the anode; in case of that HOMO* (red) is above

,

, the

electrolyte will be oxidized at the cathode. Therefore, LUMO (blue) should be higher than
and HOMO (blue) should be lower than

, and consequently, the difference between

and

should be within the stability window of the electrolyte. The open-circuit potential of the
cell is determined by
VOCP 
where

  E cf  E af 
e

,

[1.16]

is the electronic charge.

Fig. 1.4. Schematic representation of the open-circuit energy diagram of a nonaqueous cell.

and

are the Fermi level of the anode and cathode, respectively. LUMO and HOMO are the Lowest
Unoccupied Molecular Orbital and the Highest Occupied Molecular Orbital, respectively, of the
electrolyte. The red and blue lines show two cases of the LUMO and HOMO inside the batteries.

The performance of Li-ion batteries is strongly dependent on the thermal, mechanical and
physical stability of its materials. The combination of the anode, cathode, electrolyte and
separator materials will determine the energy and power densities, the storage and cycle life,
9
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safety characteristics, etc. The electrodes have a composite structure comprising of active
materials, binders, and additives which are coated on the corresponding current collectors. The
electrolyte provides the path for the Li+ ions to shuttle between the electrodes during the
(dis)charging process. Several choices of materials for anode, cathode and electrolyte will be
discussed below.
a. Anode materials
An ideal active anode material for lithium-ion batteries should satisfy the following
requirements:
(i)

High specific capacity. It should accommodate as much Li as possible to optimize
the gravimetric and volumetric capacity.

(ii)

Robust structure and excellent cycling performance. The material should have
minimal volume expansion and stress accumulation during the (dis)charge process.

(iii)

Low electrode potential. Its redox potential with respect to Li+/Li must be as low as
possible so that it can give a high battery voltage.

(iv)

Excellent electronic and ionic conductivities.

(v)

Excellent (electro)chemical stability. It should resist against corrosion in the
electrolyte.

(vi)

Cheap and environmentally friendly.

Considering the above requirements, carbonaceous materials are preferred for anodes in current
commercial Li-ion batteries. There are many types of carbonaceous materials used as negative
electrode active material in Li-ion cells, including graphite, mesocarbon microbeads (MCMB),
carbon nanotubes, and carbon films [16]. The cycling performance of these materials strongly
depends on the solid-electrolyte-interphase (SEI) formation at the electrode surface. On the one
hand, the SEI layers prevent the graphite from exfoliation, on the other hand, the continuous
growth of the SEI layers leads to irreversible capacity loss. The theoretical capacity associated
to cycling between C6 and LiC6 is 372 mAh·g-1, which is relatively low compared with other
anode materials.
Among many higher-specific-capacity alternatives for graphite under investigation is Si,
one of the most promising anode materials because of its superior theoretical capacity (> 4000
mAh·g−1) and attractive operating voltage (~0.3 V versus Li+/Li) [13]. The huge volume change
of Si during (de)lithiation processes has been considered to be a big challenge for its
applications as anode material in Li-ion batteries. Some smart modifications of the electrode
structure [17-21] and binder designs [22-27] reported recently are believed to be solutions for
10
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material pulverization and peeling-off. Another critical problem of Si electrodes is the
formation of unstable passivation layers. It is very difficult to develop a stable SEI layer to
protect the electrode surface when the electrode volume fluctuates drastically. A careful
selection of proper electrolyte composition is believed to be a solution for this interfacial issue
[28-31].
Other classes of materials reversibly forming alloys with lithium are Al (LiAl) and Sn
(Li22Sn5), etc. The theoretical capacity of these alloys is much higher than that of graphite
materials. Similar to the Si case, the drawback of these materials is also related to the large
volume change during (dis)charging process which finally leads to cracking and mechanical
disintegration of the anode structure.
The last group of materials that can be used as anode are certain lithium oxides such as TiO2,
Li4Ti5O12, etc., which have relatively high electrode potential vs Li+/Li. These materials have
smaller risk of lithium plating and electrolyte reduction, and therefore provide excellent cycling
performance. The main disadvantages of these materials are attributed to their relatively low
specific storage capacities as well as the higher electrode potentials vs Li+/Li, which finally lead
to a lower energy density compared with other materials (e.g. C6) [16].
b. Cathode materials
An ideal active cathode material for lithium-ion batteries should follow the following
requirements [12]:
(i)

Should make use of readily reducible/oxidizable atoms, like transition metals.

(ii)

Li+ ions can be (de)intercalated reversibly, preferably without changing the host
structure.

(iii)

Having good electronic/ionic conductivity.

(iv)

Being stable under wide voltage and temperature windows.

Apart from these intrinsic properties there are several physical properties that determine the
quality of cathode active materials and consequently the Li-ion battery characteristics. These
physical properties include particle size, particle shape, particle size distribution, water content,
tap density, specific surface area, impurity level, and so on [12].
The most common cathode materials used in commercial Li-ion batteries are layered oxides
LiMO2, spinel LiM2O4 and olivine LiMPO4 where M is a transition metal. Layered LiCoO2,
was introduced in 1991 as cathode material in the first commercially available Li-ion batteries.
The theoretical specific capacity of LiCoO2 is around 130 mAh·g-1 because only half Li can be
reversibly cycled without causing electrode degradation [12]. LiCoO2 was later replaced by
11
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other layered oxides such as LiNi0.8Co0.15Al0.05O2, LiNi0.8Co0.2O2, Li1−xNi1−yCoyO2,
LiMn0.5Ni0.5O2, and LiNi1/3Co1/3Mn1/3O2 in commercial batteries. These materials have high
energy and power densities but still cannot be fully charged due to the structural collapse at
fully charged states. The structural stability of the spinel LiMn2O4 is better in comparison with
the layered oxides. Spinel LiMn2O4 also has a higher operating voltage and can be (dis)charged
at high rates but have a low energy density [16].
Since the introduction by Padhi et al. [32] of LiFePO4 as cathode material in Li-ion batteries,
LiFePO4-based (LFP) batteries are drawing a lot of attention due to the many favorable
characteristics, such as high safety, long life span, environmental friendliness, low cost and
wide-spread materials abundancy. Both the electronic and ionic conductivities of LiFePO4 are
low. However, the rate capability of LFP batteries has been highly improved by using nanosized
particles [33] and carbon coating technologies.
c. Electrolytes
Besides the electrodes the electrolyte constitutes the third key component of Li-ion batteries
[6]. The choice of electrolyte components is dictated by the electrode materials in use [4]. The
most common electrolytes used in commercial Li-ion batteries are composed of one or more
organic solvents and one salt. The preferred solvent for the electrolyte in lithium-ion batteries
is a combination of ethylene carbonate (EC) and dimethyl carbonate (DMC). The most common
salt is LiPF6 [16, 34].
The combination of electrolyte and the electrode materials is responsible for the formation
of the SEI that determines the cycling performance of Li-ion batteries. The properties of the
SEI layers depend on the electrolyte compositions, additives and impurities. For instance, EC
can provide a stable protective layer on the graphite electrode surface that prevents further
reaction (continuous electrolyte reduction and self-discharge) as well as solvent cointercalation
[6]. EC is therefore present in almost all commercial electrolytes, in combination with other
solvents [34]. The electrolyte additives (unstable electrolyte ingredients) can be reduced at
higher electrode potentials, the SEI formation would then be completed far before solvent
cointercalation occurs. Contaminants such as traces of water in the electrolyte can lead to
electrolyte decomposition. For example, HF is formed as by product, harmfully influencing the
battery performance.
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1.3 Challenges of Li-ion batteries
The main challenges of Li-ion battery technology are related to energy and power densities,
battery life, safety and cost.

1.3.1 Energy and power densities
The battery energy is determined by the intrinsic properties of the individual electrode
materials and design characteristics. There are two types of energy density: gravimetric energy
density

and volumetric energy density

. The gravimetric energy density

can be

calculated according to
g
Ebat


Where Q bat is battery storage capacity,
battery. The integration boundaries

1
mbat



V2

V1

Qbat dVbat ,

[1.17]

is the battery voltage,
,

is the total mass of the

represent the end voltages of the charged and

discharged states, respectively. Qbat mbat is known as the specific capacity of the complete
battery. Apparently, increasing the battery specific capacity and the voltage is an efficient way
to increase the battery energy density.
Qbat mbat is determined by the capacities of the individual electrodes, according to

Qbat

mbat

where

and

qa qc
,
 mo 
qa  1   qc
 ma 

[1.18]

are the specific capacities of the anode and cathode, respectively.

mass of anode active material,

is the

is the mass of all passive materials in the cell. The derivation

of Eq. 1.18 can be found in Appendix I.
Fig. 1.5 shows the contour plot of the specific battery capacity as a function of the specific
anode capacity

and specific cathode capacity

. For the purpose of clarity, only the mass of

the active materials are accounted for in the calculations, i.e.

is assumed to be 0. The specific

capacities of the cathode materials are always smaller than those of the anode materials in all
of the current commercial batteries. For example, the theoretical capacity of graphite is 372
mAh·g-1, and that of LiFePO4 is 170 mAh·g-1. The specific capacity of the LFP battery, as
indicated in Fig. 1.5, is

= 116 mAh·g-1. To increase the battery specific capacity from 116

mAh·g-1 to, for example, 125 mAh·g-1, two strategies can be applied. The specific capacities of
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either the anode or the cathode can be enlarged. Apparently, the capacity-increment required
for the cathode is much smaller than that for the anode. Therefore, the cathode capacity is
considered to be the bottleneck to increase the energy density of Li-ion batteries.
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Fig. 1.5. Contour plot representing the specific battery capacities at various values for

and

. The

specific battery capacity has been calculated based on the electrodes materials only. The specific
capacity of LFP battery has been indicated by

.

Extensive investigations have been carried out to search for high-capacity cathode materials.
Ternary systems such as LiNi0.8Co0.15Al0.05O2 and LiNi1/3Co1/3Mn1/3O2 were found to be
promising alternatives for LiFePO4 electrode because of their higher capacities and higher
voltage levels.
The power density of Li-ion batteries is strongly determined by the electronic and ionic
conductivities of the materials, which are intrinsic materials properties. The electronic
conductivity can be improved by, for example, carbon coating and the ionic conductivity can
be improved by doping and by reducing the particle size, applying state-of-the-art nanotechnologies [35].

1.3.2 Battery performance
Li-ion batteries require a cycle life of over 5000 cycles and a life span of 10-15 years or
more in order to make battery-powered vehicles competitive in a future sustainable economy
[36]. Factors contributing to the durability of large-format Li-ion batteries are complex and vary
widely with different electrode materials, battery manufacturing processes, cycling rate,
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temperature and other operating conditions. The various battery components may undergo
different aging mechanisms, for example, electrolyte decomposition and SEI formation, current
collector corrosion, structural transformations and metal dissolution from the electrodes [37].
Side reactions and degradation processes in Li-ion batteries may cause a number of undesirable
effects leading to capacity losses [38].
Aprotic electrolytes can be thermodynamically unstable against reduction at negative
electrodes and against oxidation at positive electrodes [39]. As shown in Fig. 1.4, the difference
between the Fermi level of the electrode and the HOMO or LUMO levels of the electrolyte
determines the thermodynamic stability of the electrolyte against the electrodes.
In the presence of Li+ ions the calculated LUMO levels of most electrolyte components (e.g.
EC, VC etc.) decrease by ∼0.5 eV relative to pure solvents, rendering these electrolytes
thermodynamically unstable with respect to the intercalated Li in the graphite electrode [39].
The electrolyte will be reduced at the negative electrode and will form SEI layers comprising
of inorganic and organic Li salts [40]. The cyclable Li+ ions are partially immobilized in the
SEI products, leading to irreversible capacity loss. Moreover, the formation of a non-uniform
SEI layer can result in non-uniform lithium deposition and formation of lithium dendrites [41,
42], which can lead to battery internal short-circuits and battery failures.
High-voltage cathode materials such as Li1−xCoO2 (x < 0.7 above 4.5 vs Li+/Li) [43],
Li1−xMn1.5Ni0.5O4 (Ni4+/Ni2+ at 4.7 vs Li+/Li) [44], and Li1−xNiPO4 (Ni3+/2+ at 5.2 vs Li+/Li) [45]
have very low electrode Fermi levels, approaching the HOMO levels of aprotic electrolytes,
which can result in a thermodynamic driving force for electrolyte oxidation at the cathode [39].
Besides, other species in the electrolyte such as products resulting from reduction at the anode
can also be oxidized at the cathode surface. The solid products from these oxidation reactions
may form a surface film on the cathode, called cathode-electrolyte-interphase (CEI). Most
components of CEI films are electronically resistive, thus deteriorating the rate capability of the
full battery.
Electrode material degradation is also considered to be an important issue to address.
Graphite is commonly used in commercial Li-ion batteries. Graphite is generally considered to
be a stable material. However, structural degradations have been observed under severe aging
conditions, for example, at high temperatures and cycling at high C-rates [46]. The inter-layer
blockage caused by metal deposition [46] and structural deformations caused by stress
accumulation [47] are considered to be the main source of the graphite deterioration. Particle
isolation resulting from the continuous growth of SEI films is considered to be another factor
which eventually leads to a decrease of the graphite electrode capacity [48]. Cathode dissolution
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is a common phenomenon at elevated temperatures in the presence of even small trace of
protons [49]. Metal ions dissolved from the cathode have a series of detrimental effects on the
battery performance. For example, metal ions can be transported to the anode and subsequently
be deposited on the graphite surface leading to battery capacity losses and graphite electrode
blockage [46]. In ternary cathode systems, such as LiNi1/3Co1/3Mn1/3O2, phase transition [50]
and/or Li-Ni site interchange [51] can be triggered during cycling.

1.3.3 Battery safety
Safety issues are extremely important in Li-ion battery applications. Different battery
chemistries have varying failure modes, but thermal runaway is one of the most common
abusive conditions. Thermal runaway is a catastrophe for Li-ion batteries since it may lead to
battery fire or even explosion. Various events [52-56], contributing to the battery safety hazards
are summarized in Table 1.3.
Table 1.3. Safety hazards of Li-ion batteries
Mechanical damage

Electrical failure

Thermal abuse

Crush

Over (dis)charge

Over heat

Impact

External short circuit

Fire

Shock

Internal short circuit

Puncture
Shock
Vibration
Drop

1.3.4 Cost
The main sources of total battery cost are the battery materials and manufacturing processes
[57, 58]. The contributions to the materials cost include the following components: positive and
negative active electrode materials, separator, electrolyte, and current collector foils. Generally,
most Li-ion battery designs are based on the same current collectors and negative electrode
materials (graphite). The cost of the electrolyte and separator is more or less constant. Therefore,
the cost of various cathode materials determines the variations of the total battery cost [57].
The cost of positive electrode materials is driven to a large extent by the cost of the raw
materials from which it is made. Lithium cobalt oxide (LCO) is the original material
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commercialized in Li-ion batteries for consumer electronics. LCO is expensive because the cost
of Co is high. Many other cathode materials are developed for Li-ion batteries such as lithium
nickel manganese cobalt oxide (NMC), lithium manganese spinel oxide (LMO) and lithium
iron phosphate (LFP). Reducing the quantity of Co in the positive electrode will reduce the total
battery price.
In general, to decrease the cost, earth-abundant transition metals should be dominatingly
present in cathode materials. Both iron and manganese are abundant and inexpensive transition
metals for intercalation materials. In addition, LMO is relatively easy to manufacture. In
contrast, LFP requires a reduced atmosphere [57] and a carbon coating step to reach the end
product. The increased complexity of the manufacturing process results in a higher the price of
LFP.

1.4 Scope of this thesis
The aging performance of Li-ion batteries is of vital importance, especially when applied in
an electric vehicle (EV), hybrid electric vehicle (HEV) and plug-in hybrid electric vehicle
(PHEV) where stable battery performance during a long period of time is required. Long
operation life of Li-ion batteries not only ensures good and reliable performance but also
reduces the usage cost for customers. The aim of this PhD thesis is to investigate the aging
mechanisms of Li-ion batteries under various operation conditions and facilitate the
understanding of battery degradation processes, and ultimately improve the battery life. Battery
ageing has been investigated both experimentally and by simulations. Several novel techniques,
such as electromotive force (EMF) determination, derivative voltage analysis, etc., will be
introduced in this thesis. Physical characterization methods, including X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, scanning electron microscopy (SEM), inductively
coupled plasma (ICP), etc., have been performed to boost the in-depth understanding of aging
mechanisms. The research work reported here also provides insight to improve the battery
design and material performance.
Chapter 2 gives an overview of degradation mechanisms of Li-ion batteries. Cyclable Li
loss and electrode material decay are the two most important processes in battery aging. Solidelectrolyte-interphase (SEI) formation at the anode is generally accepted to be the main reason
responsible for cyclable Li losses. The SEI formation mechanisms, experimental
characterization methods and model developments will be systematically reviewed in this
chapter. Cathode electrode degradation which mainly occurs under more severe aging
17

Chapter 1 Introduction

conditions will also be discussed. Transition metal dissolution and structural transformation are
considered to be the main reasons of cathode degradation. Finally, degradation of the graphite
electrode will be discussed, which has been mainly attributed to structural deformation and
interspace blockage.
Chapter 3 introduces the details of the experimental work carried out in this thesis. Both
C6/LiFePO4 (LFP) and C6/LiNi1/3Co1/3Mn1/3O2 (NMC) batteries have been investigated and will
be described. The aging experiments include both storage and cycling performed with complete
batteries and have been carried out with automated cycling equipment. Material
characterization focused on dismantled electrodes and have been performed by XPS, Raman
spectroscopy, ICP spectrometry and SEM.
Chapter 4 discusses the most important methods used in this thesis, including EMF
determination and

/

analyses. The EMF curve is considered to be an important tool

to obtain an in-depth understanding of aging mechanisms inside Li-ion batteries. Various
parameters, such as maximum capacities (

), irreversible capacity losses ( Δ

),

overpotentials ( ), etc. can be extracted from these EMF curves. The development of the second
depressions in the

/

curves is proven to be an interesting indicator for the graphite

electrode decay. A non-destructive approach will be proposed to quantitatively determine the
graphite inaccessibility after aging.
In Chapter 5 the capacity loss and material decay of LFP batteries have been investigated
under various storage conditions as a function of State-of-Charge (SoC) and temperature. The
irreversible capacity losses, which are accurately calculated on the basis of the maximum
storage capacity estimated from the EMF curves, increase as a function of temperature and SoC.
The loss of cyclable lithium during storage is considered to be the main cause of irreversible
capacity losses under all storage conditions. The graphite electrode decay at 60oC has been
quantitatively determined by non-destructive analyses on the basis of

⁄

curves.

Deposition of Fe on the graphite electrode has experimentally been confirmed by XPS and ICP
analyses. The increasing graphite inaccessibility will be shown to be the consequence of Fe
dissolution from the cathode with the subsequent deposition onto the anode.
Chapter 6 discusses the development of the irreversible capacity loss under various cycling
conditions and temperatures. The irreversible capacity loss as a function of cycle number and
time will be discussed. A new mathematical extrapolation method will be proposed to
distinguish between calendar ageing and cycling-induced ageing. The iron dissolution from the
cathode at 60oC and the subsequent deposition onto the anode have been characterized. The
influence of Fe deposition on the SEI formation at the graphite electrode will be investigated.
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Simultaneously, the graphite electrode decay will be quantified in more detail by analyzing the
/

curves. The analyses show that the electrode decay can be related to the structural

deterioration and the inter-layer surface blockage of the graphite electrode, as will be
experimentally investigated by Raman and XPS spectroscopy.
Theoretical simulations of battery capacity losses upon both storage and cycling will be
described in Chapter 7. At moderate temperatures, the irreversible capacity losses can mainly
be attributed to the Li immobilization in the SEI layer. At elevated temperatures, iron
dissolution from the cathode and the metal deposition on the anode will influence the
irreversible capacity losses. The model predicts that the capacity losses during cycling are larger
than during storage due to the generation of cracks inside the SEI induced by the volumetric
changes of the graphite electrode during charging. The simulation results show that the capacity
loss during storage is dependent on the State-of-Charge (SoC), the storage time, and
temperature while during cycling it is dependent on the cycling current, the cycling time,
temperature and cycle number.
Finally, the degradation of NMC batteries will be discussed in Chapter 8. The irreversible
capacity losses have been systematically investigated as a function of time and cycle number at
various cycling currents and temperatures.

/

curves are used to determine the material

decay of the individual electrodes.
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Chapter 2
Overview of Degradation Mechanisms of
Li-ion Batteries
Aging is a critical issue of Li-ion batteries in many applications such as electric vehicle (EV), hybrid
electric vehicle (HEV), etc. Cyclable Li losses and electrode material decay are the two most
important processes in battery aging. Solid-electrolyte-interphase (SEI) formation on the anode is
generally believed to be the main reason responsible for the cyclable Li losses. The SEI formation
mechanisms, experimental characterizations and model developments will be systematically
reviewed in this chapter. Cathode electrode degradation, which mainly occurs under severe aging
conditions will also be discussed. Transition metal dissolution and structural transformation are
considered to be the main reason of cathode degradation. Finally, degradation of the graphite
electrode will be discussed, which is mainly caused by structural deformation and interspace
blockage.
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2.1 Capacity degradation
It is well known that Li-ion batteries suffer from capacity loss during both storage and
cycling [1-7]. Battery capacity loss can be classified as reversible (Δ
capacity losses (Δ

) [7]. Δ

is defined as losses that can be fully recovered in the subsequent

cycles under low-current conditions. The origin of Δ
attributed Δ

) and irreversible

is still under debate. Some scientists

to current-dependent battery polarization [1]. Others proposed the formation of

a metastable “electron-ion-solvent” complex as the reason of Δ
Extensive studies have been performed to investigate Δ

[8].

[8-84]. It is generally understood

that the degradation mechanisms strongly depend on the battery chemistries, e.g., LFP [20] and
NMC [21-26]. Δ

does not originate from a single aging process but rather combines various

processes and their interactions. The degree of influence of the individual processes on Δ
can vary and it is therefore a challenge to isolate the contributions of individual processes on
battery capacity loss.
Calendar-life studies revealed that Li-immobilization in SEI is the main source of Δ

at

moderate storage temperatures [12-16]. However, at elevated temperatures the cathode
degradation may have a significant impact on Δ
degradation on Δ

[18-26]. The influence of cathode

is strongly dependent on the specific degradation mechanisms. For

example, metal ions dissolved from the cathode can be deposited on the graphite surface and,
consequently, accelerate the SEI formation [20, 21]. The structural transformations at the
cathode surface result in the kinetic decline which finally leads to battery capacity loss [22-26].
Apart from temperature, SoC is also considered to be an important factor influencing Δ

[12-

25].
Similar to the case of storage, Δ

has also been attributed to Li-immobilization in the SEI

layers under moderate cycling conditions (low temperatures, small currents). However, the
cycling-induced effect has an additional contribution in Δ
commonly accepted that Δ

[65-67]. Therefore, it is

is larger during cycling than under storage conditions [14]. The

influences of current [49-51], temperature [39-45] and cycling range [56-58] on Δ

are found

to be more pronounced under cycling. The irreversible capacity losses are always accompanied
by the degradation of the electrodes, Δ

and Δ

for cathode and anode, respectively.

Therefore, electrode degradation under both storage and cycling conditions is important to
address.
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Summarizing the discussions above, all aging processes related to Δ

,Δ

and Δ

can

be schematically presented in Fig. 2.1.

Fig. 2.1. Capacity degradation mechanisms inside commercial Li-ion batteries under both storage (blue
arrows) and cycling conditions (red arrows). represents current, ΔVol the electrode volume changes,
the Li diffusion flux,

the SEI-covered surface area,

DIS the diffusion-induced stress, Δ

the fresh surface area induced by cracks,

is the battery irreversible capacity loss, Δ

the capacity losses of the anode and cathode, respectively.

and Δ

represent

is the operation temperature.

In Fig. 2.1, the network constructed by the blue arrows represents all aging processes
happening under storage conditions and the red-arrow-connected network represents the
processes occurring upon cycling. Under storage both the current flow ( ) and the electrodevolume changes (ΔVol) are zero. The graphite electrode surface area covered by the SEI layers
after the formation step has been considered to be constant (
cathode on Δ
on

) [65]. The influence of the

is negligible at moderate temperatures. Therefore, the continuous SEI growth

becomes the only source for Δ

.

However, at elevated temperatures (i.e. 60oC), the influence of the cathode electrode on
Δ

becomes more significant. As can be seen in Fig. 2.1, the transition metal ions start to
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dissolve from the cathode materials and can subsequently be transported to the graphite surface
where they are reduced into metallic clusters/dendrites. The cathode dissolution process will
directly lead to Δ

, while the metal deposition on graphite surface has at least three

consequences, namely, blocking the graphite layers and leading to inaccessibility of the graphite
electrode (Δ

), consuming cyclable electrons at the anode, and accelerating the SEI formation.

If the size of the cluster/dendrite is large enough then it becomes a safety hazard because internal
short circuits may be induced. It should be noted that the structural transformation can also
occur in the case of NMC materials at elevated temperatures under storage, which will cause an
increase of both Δ

and Δ

.

The consequences caused by the cycling effect have been indicated by the red arrows shown
in Fig. 2.1. The capacity degradation mechanisms under cycling conditions are more complex
than under storage. Consider the case of moderate temperatures. Volume expansion and
contraction of the graphite electrode take place periodically during charging and discharging.
Cracks in the SEI layers will be induced by the volume expansion due to the fragile structure
of the SEI. The graphite surface areas under these cracks (

) are exposed to solvent

immediately. Therefore, the total graphite surface area is divided in two parts,
[85]. That leads to additional Δ

and

in cycling conditions induced by the SEI formation on

in comparison with the case of storage conditions. Simultaneously, the Li (de)intercalation
processes during cycling can also induce a so-called diffusion-induced stress (DIS), which can
lead to fracture of the graphite particles. The fracture of the graphite particles has three
consequences: (i) it causes Δ
SEI formation and Δ

[86], (ii) it generates more fresh surface areas, leading to more

[85], (iii) part of the fractured graphite particles may be isolated from

the conductive matrix, generating “dead Li” which finally contributes an additional Δ

.

When batteries are cycled at elevated temperatures, especially at high currents, the cathode
dissolution and structural transformation (i.e. NMC materials) will occur. The dissolution effect
is similar to that under storage. The structural transformation processes, however, can lead to
Δ

and Δ

due to the inactivation of the cathode particles.

The SEI formation as well as electrode degradation will be discussed in more details in the
following sections.
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2.2 SEI formation
2.2.1 What is SEI?
SEI is an important concept in modern Li-ion battery technologies. It is well known that a
thin film covers the anode surface acting as a passivation layer between the electrode and the
electrolyte. Thus “interphase” has solid-electrolyte properties, namely, it allows ions to pass
through but prevents electron transport. It has been denoted by Peled as “Solid-ElectrolyteInterphase (SEI)” [87]. The SEI is mainly formed by parasitic reactions on both cathode and
anode electrodes in Li-ion batteries. For example, solvent oxidation on the cathode leads to the
formation of cathode SEI while solvent reduction at the anode lead to anode SEI.
Conventionally, “SEI” is used to only refer to the anode SEI. The cathode SEI is therefore
denoted as CEI (Cathode-Electrolyte Interphase) in this thesis in order to distinguish from the
anode.
2.2.1.1 Properties of SEI on anodes
SEI layer studies of the graphite electrode have a long history. In earlier work, low
reversible capacity can be obtained from the graphite electrode using a propylene-carbonate
(PC)-based electrolyte [88]. It was found that PC decomposes on the graphite electrode at a
voltage of ~0.8 V, which is much higher than the potential for Li intercalation (< 0.2 V) [88].
The products of these decomposition reactions are deposited on the graphite electrode forming
a loose and porous film. The presence of these solvent decomposition reactions apparently
prohibits reversible Li intercalation [89]. After many efforts, researchers realized that the
structure of the thin films deposited on the anode surface plays a critical role in determining the
cycling performance of the graphite electrode. Dahn et al. [90] found that the reduction products
of ethylene carbonate (EC) form a much more dense layer which effectively inhibits the
irreversible reactions and prevents the graphite electrode from structural disintegration. The
difference in properties of the films built by the decomposition products of PC and EC were
attributed to methyl group in PC [91], known as the “alkyl loose tails” [92], which intervenes
with of good adhesion and cohesion of the formed film on the graphite surface. The utilization
of EC in the electrolyte finally overcomes the challenge of structural disintegration of graphite
and establishs reversible Li intercalation and de-intercalation processes. This finally led to the
application of graphite as anode material in various Li-ion battery chemistries [89].
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The SEI layer on the graphite electrode plays a dual role in modern Li-ion batteries. On the
one hand, it protects the graphite electrode from exfoliation, induced by the solvent cointercalation, and prevents further solvent decomposition. On the other hand, the continuous
growth of SEI layers will lead to irreversible capacity loss [65]. Ideally, a good SEI should meet
the following requirements [89]: (i) electron isolation, (ii) high ionic conductivity, (iii) uniform
morphology and chemical composition for homogeneous current distribution, (iv) good
adhesion to the carbonaceous anode surface, (v) good mechanical strength and flexibility and
(vi) low solubility in the electrolytes.
The properties of the SEI layers have a strong impact on the cycle life of Li-ion batteries.
In order to improve the cycling performance of Li-ion batteries, extensive research has been
performed on the SEI formation mechanisms, both experimental and theoretical.
2.2.1.2 Properties of CEI on cathode electrode
Compared with the extensive research activities on the SEI at the anode electrode there are
only a few studies dedicated to the understanding of the interface formed between electrolytes
and cathode surfaces.
Goodenough and co-workers are considered to be the first authors who suggested that a film
exists at the cathode/electrolyte interface [89, 93]. In formulating new electrolyte compositions
that can withstand the high potentials of cathode materials, Guyomard and Tarascon also
realized that oxidative decomposition of electrolyte components occurred at the cathode
surfaces, leading to surface passivation and consequently preventing further electrolyte
decomposition [94, 95]. Aurbach et al. reported the existence of thin films on LiNiO2 and
LiMn2O4 electrodes. EDAX (energy-dispersive X-ray spectroscopy) and XPS analysis
confirmed that Li2CO3 and ROCO2Li are the main components of these films [96]. Dedryvere
et al. [97] observed LiF on the LiCoO2 electrode and revealed that the content of LiF is strongly
influenced by the battery voltage. Zhang et al. also studied the CEI on the LiNiO2 electrode and
argued that the formation of CEI is one of the main origins of the irreversible capacity losses in
the initial cycles [98]. Wang et al. [99] investigated surface films on NMC electrodes by XPS
analyses. They found Li2CO3 to be the main component of the surface film of pristine electrode
materials. However, -(CH2CH2O)n- , R-CH2OCO2Li and R-CH2OLi become more dominant in
aged cathode materials.
The CEI also plays a dual role in determining the cathode performance. The existence of
CEI can increase the cathode resistance thereby decreasing the battery rate capability, and lead
to capacity loss. On the other hand, the film can protect the cathode electrode from further
28
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electrolyte oxidation. Therefore, a thin and robust film with high ionic conductivity is important
to safeguard the cathode performance.

2.2.2 SEI formation mechanisms
2.2.2.1 Electrolyte decomposition mechanisms
Fig. 2.2 schematically represents the difference of the electrodes Fermi level (
anode,

for the

for the cathode) and the electrolyte redox stability windows in Li-ion batteries. The

open-circuit voltage (

) of a cell is determined by the difference of the Fermi levels between

the cathode and anode, according to

VOCP 

  E cf  E af 
e

.

[2.1]

Fig. 2.2. Schematic representation of Fermi levels of anode and cathode and the HOMO/LUMO (blue)
levels of the electrolyte. HOMO*/LUMO* (red) represent the real energy levels of the electrolyte,
considering association of solvent molecules and Li ions.

The relationship between the energy levels of

and the lowest unoccupied molecular orbital

(LUMO) levels of the electrolyte determine the thermodynamic stability of the electrolyte at
the anode. The relationship between

and the highest occupied molecular orbital (HOMO)

levels of the electrolyte determine the thermodynamic stability of the electrolyte against the
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cathode. Ideally, as schematically illustrated in Fig. 2.2 (blue case), LUMO is above the Fermi
level of the anode and HOMO is below the Fermi level of the cathode, consequently no
reduction and oxidation will occur inside the batteries [100]. However, in most practical cases,
solvent coordinated with Li ions is less stable than pure solvent molecules because of the
electron displacement to the carbonate end of the molecule via the induced dipole effect [9, 101,
102]. Therefore, the LUMO of the electrolyte in presence of the Li ions is lower than the Fermi
level of the anode and the energy difference between

and LUMO* will drive the reduction

of the electrolyte at the anode surface (red case). Furthermore, Wang et al. [101] argued that
the presence of Li ions can stabilize the EC reduction intermediates. Likewise, on the positive
side, the HOMO* of the electrolyte becomes higher than

due to the association of solvent

molecules with Li ions, which finally leads to oxidation of the electrolyte on the cathode [4].
Electrolyte reduction is an expected characteristic of all Li-ion batteries using carbon-based
insertion electrodes due to the instability of the electrolyte at the carbon electrode under
reducing conditions. Electrolyte reduction can jeopardize the battery capacity and cycle life
performance by consuming Li salt, solvent species and cyclable electrons and may lead to safety
problems by generating gaseous products. Minimization of the electrolyte reduction reactions
and capacity losses related to these processes require detailed knowledge about the mechanisms
of these reactions.
Dey et al. [88] studied the electrochemical decomposition of LiClO4 PC electrolytes on
graphite and proposed a two-electron decomposition mechanism based on gas chromatography
analyses
PC + 2Li+ + 2e- → CH3CH=CH2 + Li2CO3.

[2.2]

Eq. 2.2 occurs during the first charge when the potential of the electrode is near 0.8 V vs. Li+/Li.
Propylene as a product was found to be highly soluble in PC.
Aurbach and co-workers [103-105] performed extensive studies of solvents reduction and
salt decomposition processes at the surface of carbon-based electrodes by a series of
spectroscopic analyses. On the basis of the functionalities detected in Fourier transform infrared
spectroscopy (FT-IR), X-ray microanalysis, Scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and nuclear magnetic resonance (NMR) studies, they were
able to investigate the mechanisms involved in the reduction process of carbonate-based
solvents. Aurbach argued that the formation of (RCO3Li) species, resulting from the reduction
of PC, involved only one electron transfer step followed by radical termination reactions, rather
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than the expected two electrons per PC molecule transfer. The proposed mechanism is
summarized in Fig. 2.3.

Fig. 2.3. Reaction scheme of one-electron reduction mechanism proposed by Aurbach [103].

The first electron transfer to PC will form a radical anion which can transfer to an
intermediate state by C-O bond cleavage. This relatively stable intermediate will further transfer
to various Lithium alkyl carbonates by radical termination reactions [103]. This reduction
mechanism was believed to be independent of the nature of the working electrode.
Wang et al. [101] investigated the decomposition mechanism of EC by using density
functional theory (DFT) calculation. They proposed that an additional electron can further
reduce the radical intermediate to form Li2CO3, as shown in the following reaction equations,
(EC)nLi+ + e ̶ → [(EC) ̶ ·Li+] + (EC)n-1
[(EC) ̶ ·Li+] + e ̶ → Li2CO3 + CH2=CH2

[2.3]

Matsumara et al. [106] investigated the irreversible capacity losses during the first cycle
and argued that the capacity losses were not only due to PC decomposition to Li2CO3, but also
because of additional side reactions. They concluded that there are two possible pathways for
the decomposition of PC during the first charge. In one branch, PC is directly reduced into
propylene and Li2CO3. In another branch, PC is firstly reduced to a radical anion, which is then
transferred into lithium alkyl carbonate(s) by radical termination reactions. Shu et al. [107]
studied the electrolyte decomposition during the first cycle of Li intercalation into graphite in 1
M LiCIO4 PC/EC (1:1) electrolyte. They suggested that at least two processes were involved,
namely, two-electron reduction of PC and EC to propylene and ethylene gases and one-electron
reduction to form lithium alkyl carbonates. The two-electron reduction has been further divided
into direct electrochemical and chemical reduction. The overall reaction scheme is shown in
Fig. 2.4.
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Fig. 2.4. Reaction scheme of the solvent reduction mechanism proposed by Shu [107].

The chemical reduction pathway requires the formation of a complex [PCmLi+] followed by
the reduction of graphite at which PC/EC was further decomposed. The initial step for both
electrochemical reduction and solid electrolyte interphase (SEI) film formation involves the
formation of lithium carbonate complexes followed by one-electron reduction to radical anions.
These radical anions undergo further one-electron reduction, producing gaseous products or
radical termination to form an SEI film.
Naij et al. [108] cycled electrochemically two types of carbon electrodes in LiClO4-ECbased electrolyte. They found that EC reduction takes place in two steps: firstly a two-electron
step process at 0.8V vs Li+/Li leading to the inorganic product Li2CO3 and secondly, a oneelectron process occuring at lower potentials, producing organic lithium alkylcarbonate
compounds.
2.2.2.2 Specific decomposition reactions
Based on the mechanisms discussed above, the reactions related to the SEI formation,
including solvent reduction and salt decomposition inside Li-ion batteries, can be summarized
as follows.
a. Solvent reduction [1]
(i)

Reduction of propylene carbonate (PC), via a two-electron mechanism
PC + 2Li+ + 2e ̶ → CH3CH=CH2 (g) + Li2CO3 (s)

[2.4]

via a one-electron mechanism
PC + e ̶ → PC ̶ (radical anion)
2PC ̶ → CH3CH=CH2 (g) + CH3CH(OCO2 ̶ )CH2(OCO2 ̶ )
CH3CH(OCO2 ̶ )CH2(OCO2 ̶ ) + 2Li+ → CH3CH(OCO2Li )CH2OCO2Li (s)
in total:
2PC + 2e ̶ + 2Li+ → CH3CH(OCO2Li )CH2OCO2Li (s) + CH3CH=CH2 (g) [2.5]
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(ii)

Reduction of ethylene carbonate (EC), similar to that for PC. Via a two-electron
mechanism
EC + 2Li+ + 2e ̶ → CH2=CH2 (g) + Li2CO3 (s)

[2.6]

via a one-electron mechanism
EC + e ̶ → EC ̶ (radical anion)
2EC ̶ → CH2=CH2 (g) + CH2(OCO2 ̶ )CH2(OCO2 ̶ )
CH2(OCO2 ̶ )CH2(OCO2 ̶ ) + 2Li+ → CH2(OCO2Li )CH2OCO2Li (s)
in total:
2EC + 2e ̶ + 2Li+ → CH2(OCO2Li )CH2OCO2Li (s) + CH2=CH2 (g)
(iii)

[2.7]

Reduction of dimethyl carbonate (DMC) can be written as
CH3OCO2CH3 + Li+ + e ̶ → CH3OCO2Li (s) + CH3·

[2.8a]

or
CH3OCO2CH3 + Li+ + e ̶ → CH3OLi (s) + CH3OCO·

[2.8b]

The radicals CH3· and CH3OCO· can be re-assembled freely, forming C2H6 or
(CH3OCO)2 or CH3OCOCH3 .
(iv)

Reduction of diethyl carbonate (DEC) can be written as
CH3CH2OCO2 CH2CH3 + Li+ + e ̶ → CH3CH2OCO2Li (s) + CH3CH2·

[2.9a]

or
CH3CH2OCO2 CH2CH3 + Li+ + e ̶ → CH3CH2OCO· + CH3CH2OLi (s)

[2.9a]

The radicals CH3CH2· and CH3CH2OCO· can be converted into C4H10 or
C2H5OCOC2H5 or (CH3CH2OCO)2 [96, 109, 110].
b. Salt decomposition [1, 96, 109, 110]
(i)

Decomposition of LiPF6
LiPF6 ⇌ LiF + PF5

[2.10]

PF5 + 2 e ̶ + 2 Li+ → LiF + LixPF5-x

[2.11]

PF6 ̶ + 2e ̶ + 3Li+ → 3LiF + PF3

[2.12]

Traces of water in the electrolyte can also be involved in the salt decomposition
reactions,

(ii)

PF5 + H2O → 2HF + PF3O

[2.13]

PF3O + 2 e ̶ + 2 Li+ → LiF + LixPF3-xO

[2.14]

Decomposition of LiClO4
LiClO4 + 8e ̶ + 8Li+ → 4Li2O + LiCl

[2.15a]
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or
LiClO4 + 4e ̶ + 4Li+ → 4Li2O + LiClO2

[2.15b]

or
LiClO4 + 2e ̶ + 2Li+ → Li2O + LiClO3
(iii)

(iv)

[2.15c]

Decomposition of LiAsF6
LiAsF6 + 2e ̶ + 2Li+ → 3LiF + AsF3

[2.16]

AsF3 + 2 e ̶ + 2 Li+ → LiF + LixAsF3-x

[2.17]

Decomposition of LiBF4 (similar to LiPF6)
LiBF4 + xe ̶ + xLi+ → LiF + LixBF4-x

[2.18]

2.2.2.3 Factors influencing the SEI formation
Influence of graphite matrix
Yamaguchi et al. [111] used in-situ electrochemical Atomic Force Microscopy (AFM) to
study the SEI formation on the graphite surface in Li-ion batteries. From these results they
concluded that solvent decomposition can take place on both the edge and basal surfaces of the
graphite electrode. Chu et al. [112] studied the surface films formed on highly ordered pyrolytic
graphite (HOPG) electrodes during cathodic polarization in 1 M LiClO4 EC/DMC (1:1) and 1
M L1PF6 EC/DMC (1:1) electrolytes. They found the solvent reduction reactions to be
irreversible and suggested that these reactions initiate at a higher potential (1.6 and 2.0 V vs.
Li+/Li) on edge surfaces of HOPG while at a lower voltage (0.8 and 1.0 V) on the basal surface.
Peled et al. [113, 114] investigated the composition and morphology of the SEI formation
on both highly ordered and disordered carbon electrodes with XPS. They suggested that the
carbon matrix has more effect on the composition and SEI layer thickness than the nature of the
electrolyte. The experimental data show good evidence for compositional and morphological
distinctions between the SEI formed on the basal and edge surfaces of the graphite electrode.
Utsunomiya et al. [115] investigated the temperature dependence of the SEI formation on both
the edge and basal surfaces of the graphite electrode using Scanning Transmission Electron
Microscope (STEM) and Energy Dispersive X-ray Spectroscopy (EDS). They concluded that
the morphology and chemistry of the SEI formed on the edge surface is not influenced by the
storage temperature while the morphology and thickness of the SEI formed on the basal surface
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depended strongly on storage temperature. The influence of the graphite particle size on the
electrolyte decomposition was investigated by Utsunomiya et al. [115].
Influence of solvent components
Haregewoin et al. [116] reported a systematic electrochemical and spectroscopic
comparison of the reduction of PC, EC, and diethyl carbonate (DEC) when used as single (PC),
binary (EC/PC, EC/DEC), and ternary (EC/PC/DEC) solvent systems by analyzing the products
with FTIR. FTIR analyses revealed that the reduction of EC and PC was not considerably
influenced by the presence of other alkyl carbonates. However, DEC exhibited a different
reduction product when used in EC/DEC and EC/PC/DEC solvent systems. The influence of
DEC was attributed to the additional reaction of its primary reduction intermediate with various
surrounding species. The reduction of EC occurred at higher potential than that of PC and DEC
and produced a passivating surface film that prevented carbon exfoliation caused by PC. The
EC/PC/DEC-based electrolyte exhibited favorable capacity retention, higher Li+ ion diffusivity,
and lower impedance compared with those of the EC/PC system.
Kim et al. [117] investigated the decomposition of the electrolyte with solvent mixtures of
EC and different linear carbonates dimethyl carbonate (DMC), DEC and ethyl methyl carbonate
(EMC) by using liquid Gas Chromatography-Mass Spectrometry (GC/MS) technique. They
concluded that the reduction voltage of DMC and EMC is higher than that of DEC. The
reduction products of DMC and EMC are soluble and has been detected by GC/MS.
Influence of Li salts in the electrolyte
The cycle life of rechargeable Li-ion batteries depends on the long-term reversibility of cell
chemistries, therefore the electrochemical stability of the electrolyte, especially with Li salts,
plays a crucial role. This section will discuss the electrochemical stability of various salts used
in state-of-the-art electrolytes and the influence of these salts on the SEI formation on the
graphite electrode.
Table 2.1 lists selected electrochemical stability data for a number of anions commonly used
in lithium-based electrolytes. Although it is known that the reduction of anions does occur,
sometimes even at high potentials, these processes are usually sluggish and standard redox
potentials for these reduction processes are usually hard to determine. The reduction of solvents,
occurring simultaneously with reduction of anions, further complicates the interpretation. For
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this reason, only the anodic stability of salt anions is given in Table 2.1, while the cathodic limit
of the salt is in most cases set by the reduction of its cation (i.e. lithium deposition potential).
Table 2.1. Stability of anions on non-active electrodes [89]
salt

solvent

ClO4̶
BF4̶

PF6̶

AsF6̶

SbF6̶
Tf
a

̶

PC
PC
PC
EC/DMC
THF
PC
none
none
EC/DMC
PC
none
none
EC/DMC
THF
THF
PC
PC
PC
EC/DMC

concentration
(mol /L)
0.65
0.65
1.0
0.001
0.65
1.0
0.65
1.0
1.0
1.0
0.65
0.65
0.10
1.0

working
electrode
GC b
Pt
GC
Au
GC
GC
GC
Pt
Au
GC
GC
Pt
Au
GC
GC
GC
GC
GC
Pt

(i / (mA·cm-2)) a
6.1 (1.0)
4.6
6.6 (1.0)
4.78
4.4 (0.1)
6.8 (1.0)
4.94 (1.0)
5.0 (1.0)
4.55
6.8 (1.0)
5.05 (1.0)
5.1 (1.0)
4.96
4.25 (0.1)
4.1 (0.1)
7.1 (1.0)
6.0 (1.0)
5.0 (0.5)
4.29

ref
[118]
[119]
[118]
[120]
[118]
[121]
[121]
[122]
[118]
[121]
[121]
[122]
[120]
[120]
[118]
[118]
[122]

Anodic limit, potential referred to Li+/Li, cutoff current density in parentheses. b glassy carbon.

Coupling effects of solvent/salt on the electrolyte stability can be expected when solvent
mixtures are used. The stability of the electrolyte can be much more improved when proper
solvent/salt combination are selected. For example, the room-temperature breakdown voltage
of LiX/EC/DMC electrolytes is of the order
ClO4 ̶ ~ PF6 ̶ ~ BF4 ̶ > AsF6 ̶ > Tf ̶ .
Leroy et al. [123] investigated the formation of SEI layers at the surface of graphite
electrodes of full graphite/LiCoO2 batteries using LiBF4, LiPF6, LiN(SO2CF3)2, Li(SO2C2F5)2
in carbonate solvents. The results were analyzed by XPS. They have reported that the potentialdependent character of the surface film and each salt. At 3.8 V, all salts produce identical
carbonated species. Beyond this potential, the specific behavior of LiPF6 was identified by the
high LiF content in the SEI, whereas for other salts, the formation process of the SEI appears
to be controlled by the solvent decomposition of the electrolyte. Andersson et al. [124] disclosed
the thermal stability of LiPF6, LiBF4, LiCF3SO3, and LiN(SO2CF3)2 in EC/DMC in the
following order: LiPF6 < LiBF4 < LiCF3SO3 < LiN(SO2CF3)2 . The main components of the
SEI in LiCF3SO3, and LiN(SO2CF3)2 salts containing electrolyte are related to lithium alkyl
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carbonates and polymers while the main components of LiPF6 and LiBF4 salts are related to
lithium salts. Nie et al. [125] reported that SEI components are salt dependent, indicating that
Li salts are decomposed and involved in the formation of the SEI layers.
Influence of additives
It is generally accepted that SEI layers originate from the decomposition of the electrolyte
solvents and salts. SEI has a strong impact on the battery performance. The use of electrolyte
additives is believed to be an efficient method to improve the quality of the SEI layers.
Extensive studies have been carried out to investigate the influence of the electrolyte additives.
Vinylene carbonate (VC) is one of the most commonly used electrolyte additives in Li-ion
batteries.
Aurbach et al. [126] studied the impact of VC on the electrode cycling performance by
using cyclic voltammetry (CV), impedance spectroscopy, Electrochemical Quartz Crystal
Microbalance (EQCM) FTIR and XPS. They found that VC is reactive on graphite electrodes
and forms a flexible and cohesive polymeric surface species that suppresses both solvent and
salt anion reduction. The authors reported that the cyclability of the graphite electrode has been
improved by VC additives especially at elevated temperatures. Ota et al. examined the influence
of VC on the SEI formation at metallic Li [127] and graphite electrodes [128]. It was found that
cells containing VC have excellent performance at elevated temperatures while the performance
decreases at low temperatures. The presence of VC reduces the emission of reductive gases
such as C2H4, CH4, and CO from EC-containing electrolyte. Another conclusion from their
work is that VC improves the thermal stability of the SEI layers on graphite electrodes. The role
of VC on cathode electrodes has also been investigated. El Ouatani et al. [129] investigated the
influence of VC on the electrode/electrolyte interface in C/LiCoO2, C/LiFePO4 and
Li4Ti5O12/LiCoO2 systems and concluded that the same VC polymer was deposited on both
electrodes but with different mechanisms.
Some other less studied additives are trimethoxyboroxine (TMOBX) and LiN(CF3SO2)2.
Dahn et al. [130-134] studied TMOBX and LiN(CF3SO2)2 in LiCoO2 and NMC batteries and
concluded that these additives can increase the coulombic efficiency and thus extend the cycle
life of Li-ion batteries. Another interesting conclusion is that the additives also reduced the
charge end-point slippage, suggesting that the oxidation of the electrolyte at the positive
electrode has been depressed.
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Influence of temperature
The influence of the temperature on the SEI formation and the SEI stability will be discussed
in this section. Generally, elevated temperatures enhance the kinetics of all (electro)chemical
processes inside Li-ion batteries, including side reactions [10]. Andersson et al. [135]
investigated the SEI formation at elevated temperatures and suggested that the thickness of the
SEI layer is much larger than at moderate temperatures, which is consistent with the trend of
capacity fade. Furthermore, the authors observed changes in morphology and compositions at
elevated temperatures. They disclosed that organic Li salts (ROCO2Li) decompose and dissolve
into the electrolyte at elevated temperatures. In contrast, the content of inorganic Li salts
increased [136]. Park et al. [137, 138] also observed the degradation of the SEI layers at elevated
temperatures, however, they argued that the damaged SEI can be repaired by electrolyte
decomposition and concomitant film deposition.
Wang et al. [139] revealed that the SEI film formed from PC solvent is stable at 0oC, but
becomes soluble when temperature increases to 30oC. However, in conventional electrolyte
systems, a moderate temperature (30oC) will promote the formation of a uniform SEI layer on
the graphite electrode [140] while at low temperature the lithium plating can occur [10].

2.2.3 Experimental characterization of SEI
The SEI is a mixture of several components. The stability of the SEI determines Li-ion
batteries longevity, electrochemical performance and safety. Therefore, extensive efforts have
been carried out to understand the chemical compositions and physical structures of the SEI
layers.
There are several challenges for analyzing the chemical compositions of the pristine SEI.
Firstly, the SEI is a mixture of various components with amorphous structures. Secondly, the
SEI is a very thin layer adhering to the active material surface, on nano-scale, which makes it
virtually impossible to establish the boundary between the SEI and the electrode (electrolyte).
Thirdly, the SEI layer has a loose outer layer structure which can be easily removed together
with the soluble components after rinsing. So, it is difficult and almost impossible to perform
precise compositional analyses. When analyzing the SEI along with the electrolyte there is
always an uncertainty which component actually belongs to the SEI and which one comes from
the electrolyte. Fourthly, most of the SEI components are highly sensitive to contamination, air,
and humidity. It is difficult to preserve its pristine nature during sample transfer. Therefore, for
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ex situ analyses a transfer or encapsulating protection is required, which allows the sample to
be transported with an inert atmosphere without exposure to air and humidity.
2.2.3.1 Composition
A large variety of techniques have been used to analyze SEI compositions. These techniques
and corresponding results are summarized below.
Characterization techniques
1. FTIR (Fourier transform infrared) spectroscopy analysis
FTIR spectroscopy is a very conventional but sensitive tool for the analysis of the
chemistry of sample surfaces. It provides a beam with wavelength in the range of 1 μm
to 100 μm during the measurements. This makes the FTIR measurements harmless for
the properties of the materials. FTIR can identify various functional groups based on the
vibrational energy of bonds generated from dipole moments [141].
2. XPS (X-ray photoelectron spectroscopy) analysis
XPS is a highly efficient method for studying the surface chemistry of electrode
materials because of its high surface sensitivity (< 30Å). Furthermore, it can detect
information of species that are present in small amounts (>1%). Coupled with depth
profiling, XPS provides the possibility to get more insights into the bulk compositions
of the materials [142].
3. XES (X-ray emission) and XAS (X-ray absorption) spectroscopy analysis
Soft XES and XAS spectroscopies are traditionally used to study occupied and
unoccupied states of atoms, molecules, up to complex materials. These methods are
based on photon-in and photon-out and are therefore not limited to electrically
conducting systems, indicating that the charging problems often faced in XPS analysis
can be avoided. Both XES and XAS have atomic selectivity and chemical sensitivity
[143].
4. Other techniques such as Raman spectroscopy [45], NMR (Nuclear Magnetic
Resonance) [144] and EDS (Energy Dispersive Spectrometry) [145] etc.
Typical characterization results
FTIR and XPS are the most commonly used techniques for the SEI analyses. The results
reported in literature are summarized in Table 2.2 and 2.3.
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Table 2.2. FTIR data of the SEI components from Aurbach et al. [109, 146, 147].
Component
Li2CO3

Vibration (cm-1)
1465
869
3032 - 2863
1009
1352
830
2950 - 2820
1077
1339, 1647
1416, 1458
831
2957
1083
1654, 1301
1400
822
1077
2930 - 2780

Functional group
C̶O
CO32C̶H
C̶O
C=O
CO3 bend
C̶H
C̶O
C=O
CH2
CO3 bend
C̶H
C̶O
C=O
CH2
CO3 bend
C̶O
C̶H

CH3OCO2Li

ROCO2Li

(CH2OCO2Li)2

LiOCH3

Table 2.3. XPS data of the SEI components.
Compound

Graphite

Binding energy / eV
C 1s
284.3 [148]
284.5 [149, 150]

O 1s

686.5 [148]
684.9 [149, 150]

LiF

Li2CO3

290 [148]
287 [142]
289 [150]

LiOH
Li2O
R-CH2OLi
RCH2OCO2Li
CH2CH2
PEO
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F 1s

288.2 [148]
288.0 [148]
285.1 [150]
285.5 [148]
286.2 [148]

532.1 [149]
531.5 [148]
532.0 [142]
533.6 [150]
531.9 [148]
528.7 [148]
528.3 [149]
532.5 [148]
534.0 [148]

532.8 [148]

P 1s

Li 1s

55.5 [148]
55.8 [149]
56.4 [150]
56.5 [148]
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2.2.3.2 SEI thickness measurements
XPS depth profiling is a typical approach to measure the SEI thickness. The sample is etched
by Ar+ ion sputtering at the surface and then subsequently analyzed by XPS. By tuning the Xray energy, the escape depth of the photoelectrons can be changed and, hence, also the sampling
depth [142]. The SEI thickness can be determined by the sputtering time and sputtering rate
after approaching the bare graphite electrode surface [12].
Apart from XPS, Focused Ion Beam (FIB) and Atomic Force Microscopy (AFM) are also
used to analyze the thickness of the SEI layers. The values of the SEI thickness vary with respect
to various detecting approach, which of course also depend on the intrinsic properties of the
graphite electrode. Applying XPS, Niehoff et al. [149] reported the total SEI thickness
(including inorganic and organic layers) is ~ 2nm, while Edstrom et al. [142] reported that the
inner SEI layer is around 1.5-2 nm and the outer layer is approximately 90 nm. The value
estimated by Lee et al. [151] is even larger, around 140 ~ 220 nm. Wang et al. [145] estimated
the thickness of the SEI layers on highly oriented pyrolytic graphite (HOPG) to be 200 nm by
AFM. Zhang et al. [152] measured the SEI thickness on HOPG using FIB and reported the
thickness of the SEI layers to be in the range of 450 to 980 nm, which is much larger than other
researchers reported.

2.2.4 SEI formation models
Fig. 2.5 schematically shows a summary of the development of the knowledge and models
on SEI formation on the negative electrode during the last decades. The earliest investigation
of the passivated film on metallic Li dates back to the early 1970s, though the concept of “SEI”
was firstly proposed by Peled in 1979 [87] and used to describe the passivation film formed on
the metallic Li electrode. The decomposition of the PC solvent on the Li electrode was described
by Dey et al. [88] with a proposed two-electron solvent reduction mechanism. The first
mathematical simulations of passivation films associated with the metallic Li electrode in
aqueous electrolyte was reported in 1976 by Bennion et al. [153]. Afterwards an electron
tunneling-based mathematical model was proposed by Peled to describe the SEI formation on
the Li electrode in non-aqueous electrolyte [87]. Peled concluded that the SEI grows as a
function of t1/2. This conclusion has been widely accepted to estimate the battery capacity loss
caused by SEI formation. However, the model in that stage did not consider information about
the composition of the SEI layers, which indeed plays an important role in determining the SEI
formation mechanisms [4].
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Fig. 2.5. Development of the SEI formation knowledge and SEI models on negative electrode during
the past five decades [4]. The left side representing the case of graphite and the right side representing
the case of metallic Li.

Nazri et al. [154] investigated SEI layers on the Li electrode by in-situ X-ray diffraction and
reported the existence of Li2CO3 and polymeric compounds in SEI. On the basis of FTIR and
XPS analyses, Aurbach et al. [103] demonstrated that lithium alkyl carbonates are the main SEI
components. Instead of the two-electron mechanism, Aurbach proposed a one-electron
mechanism where a meta-stable radical intermediate is assumed to be generated after the
solvent accepting one electron. The radical termination reaction leads to the formation of Li
alkyl oxides. Li2CO3 can be formed by further reducing the radical intermediate. A classical
SEI morphological model was proposed in 1997 by Peled et al. [155] after summarizing
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previous findings. According to this model SEI is composed of multiple inorganic and organic
products resulting from electrolyte decomposition, including Li2O, Li2CO3, LiF, polyolefins
and semicarbonates. Based on the FTIR, XPS, EDS, XRD, SEM, AFM and EIS analysis,
Aurbach et al. [96] concluded that the SEI comprised of compact and porous layers, which can
be further identified as a couple of sublayers. These sublayers have been described by a group
of equivalent circuit elements.
After Dahn’s seminal work on graphite cycling investigation in EC-based electrolytes, the
graphite electrode has become the most popular anode material in commercial Li-ion batteries.
Consequently the SEI formation on the graphite electrode has attracted considerable attention
from then on. On the basis of the knowledge about graphite structure and the corresponding
intercalation properties, Besenhard et al. [156] proposed a SEI formation model that involves
the initial formation of a ternary GIC [Li(solvent)xCy] and its subsequent decomposition near
the edge sites of the graphite layers (see Fig. 2.5). Later Chu et al. [112] and Yamaguchi et al.
[111] revealed that the SEI can also be formed on the basal surface of the graphite electrode.
Vetter et al. [10] summarized the knowledge of the SEI formation mechanisms of the
graphite electrode and proposed a complete model, including all processes that may be involved
in the SEI formation such as graphite exfoliation and cracking, SEI growth and dissolution,
transition metal ions deposition and Li plating, etc. Based on this model researchers can have a
complete picture of the battery degradation related to the anode. After extensive XPS analyses,
Edström et al. [157] proposed a model based on the SEI compositions. The authors argued that
Li2O cannot be a component of the pristine inorganic SEI layer, Li2CO3 is not always observed
as well but only LiF is frequently observed during battery cycling.
The final purpose of the quantitative investigation of the SEI formation is that in-depth
understanding of battery aging has been obtained and that the battery performance has been
improved effectively. Many mathematical simulations have been carried out on the basis of
various proposed mechanisms. A number of these classical modeling papers will be presented
below.
Christensen and Newman [158] developed a continuum-scale mathematical model to
simulate the growth of the SEI and transport of Li+ ions and electrons through the surface films.
They attempted to combine the relevant mechanisms for the growth in a more general oxide
growth model that includes transport of cationic and anionic vacancies and interstitials as well
as electrons through the film but with explicit emphasis on Li-ion systems with graphic negative
electrode. Ploehn et al. [63] proposed a continuum mechanic model with the assumption that a
reactive solvent component diffuses through the SEI and undergoes two-electron reduction at
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the graphite surface. In line with the conclusion obtained from Peled, this model also predicts
that the SEI thickness increases as the square root of time. Pinson and Bazant [67] developed a
single-particle model which was further extended to a porous electrode model to describe the
SEI formation and battery fading mechanisms. Li et al. [12, 65] further developed the electron
tunneling model proposed by Peled by considering the specific structure properties of the SEI
layers. The cycling-induced effects and the catalyst effects from the deposited metallic clusters
are discussed in detail.

2.3 Cathode electrode decay
2.3.1 LiFePO4 electrode
2.3.1.1 Structure of LiFePO4

Fig. 2.6. Crystal structure of olivine LiFePO4 [168].

LiFePO4 belongs to a general class of ‘polyanion’ compounds and has an olivine structure.
The structure of LiFePO4 as a cathode material has been firstly discussed in details by Padhi et
al. in 1997 [159]. The LiFePO4 olivine structure has metal atoms in half of the octahedral sites
and P atoms in one-eighth of the tetrahedral sites of a hexagonal close-packed oxygen array.
Fig. 2.6 shows the crystal structure of LiFePO4. The M1 (Li) sites have a ̅ symmetry, the M2
(Fe) octahedron has mirror symmetry with average M-O bond length, which is larger than that
in the M1 octahedron. The M1 (Li) sites form linear chains by sharing an edge of the octahedron,
running parallel to the c-axis in the alternate a-c planes. The M2 (Fe) sites form zigzag planes
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by sharing a corner of the octahedron parallel to the c-axis in the other a-c planes. Since Li is
in the continuous chain of edge-shared octahedron on alternate a-c planes, a reversible
extraction/insertion of lithium from/into these chains can take place through a first-order phase
transition [160] between FePO4/LiFePO4 [62, 161-167].
Both LiFePO4 and FePO4 have the same space group, namely, Pmnb. The lattice parameters
of LiFePO4 and FePO4 are listed in Table 2.4. On electrochemical extraction of Li from
LiFePO4 as indicated by Eq. 1.14, there is a volume decrease of 6.81% and density increase of
2.59% [169]. This small volume change will not cause structural damage during charging and
discharging. The structure of LiFePO4 is highly robust due to the strong bonding between the P
and O atoms.

Table 2.4. Lattice parameters of LiFePO4 and delithiated FePO4 [169].
LiFePO4

FePO4

a (Å)

6.008(3)

5.792(1)

b (Å)

10.334(4)

9.821(1)

c (Å)

4.693(1)

4.788(1)

Volume (Å )

291.392

272.357(1)

2.3.1.2 Electrochemistry of LiFePO4

Fig. 2.7. Schematic representation of Li (de)intercalation of a LiFePO4 particle during charging and
discharging. Reconstructed based on ref [163].
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The theoretical storage capacity of a LiFePO4 electrode is calculated to be 169.7 mAh/g.
Unlike LiCoO2 material, all Li+ ions in the LiFePO4 electrode can be reversibly extracted. The
lithiation and delithiation processes are schematically represented in Fig. 2.7.
When discharge starts (indicated by the black arrows), Li+ ions are transported from the
anode to intercalate into the FePO4 material to form a Li-deficient phase . After a critical
concentration (

) is reached, a shell of Li-rich phase

covering the Li-deficient

with a Li concentration of

phase. As discharge proceeds, more

is formed,

phase is converted into the

phase, resulting in the core shrinking. This process continues until the core is completely
converted and the material becomes a single Li-rich phase. The Li concentration increases from
to 1 when all available sites are filled with lithium when the material reaches the fully
discharged state.
When the completely discharged electrode is charged (indicated by the red arrows), the Li+
ions delithiate from LiFePO4 material. The Li-rich phase

is firstly formed followed by the

formation of Li-deficient shell. The Li-rich core will be completely consumed when Li
concentration reaches

. After the charging process a completed, all Li+ ions are extracted and

LiFePO4 has been completely converted into FePO4 again. It should be pointed out that the
processes discussed above are considered to be in equilibrium state.

Fig. 2.8. Charge and discharge voltage curves of a LiFePO4 electrode [163].

The electrode potential of a LiFePO4 electrode as a function of the Li concentration is almost
constant in the two-phase (

) region. The voltage plateau in this region was reported to be

3.45V [159, 169]. However, there is quite some spread in the reported plateau width (
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). Based on the shrinking-core model, Srinivasan and Newman [163] reported that the plateau
is in the range of 0.02
to be in the range of 0.05

0.9525, while Gaberscek et al. demonstrated the two phase region
0.89 [162]. The voltage curve of LiFePO4 electrode is shown

by Fig. 2.8.
From Fig. 2.8 it can be seen that the charge and discharge curves do not overlap even at
very low currents (see the solid curves). This hysteresis effect can be explained by the shrinkingcore model developed by Srinivasan and Newman [163]. The electrochemical charge transfer
reaction takes place at the Li-deficient

phase during charging and at the Li-rich

phase

during discharging. Therefore one can expect that kinetic parameters governing the chargetransfer reactions during charging may be different from those on discharge.
It is well known that LiFePO4 is a low-electronic-conductive material [168, 170-172]. As
can be concluded from the crystal structure of LiFePO4, Li ions can only be transported in the
1D channels along the axis. However, the ions can be easily blocked by ionic disorder, foreign
phases or stacking faults, which also reduces the ionic conductivity [169]. Both electronic and
ionic conductivities can be improved by conductive coatings [164, 173-176], heterogeneous
doping [164, 168], nanocrystallization [177, 178] and antisite defects, etc. [179].
2.3.1.3 LiFePO4 electrode degradation

Fig. 2.9. Cyclic voltammetry (CV) of a LiFePO4 electrode at various temperatures [180].

Low temperatures will decrease the kinetics of both the charge transfer reaction at the
electrode/electrolyte interface and the rate of Li diffusion within the bulk of cathode materials
[169]. Fig. 2.9 shows the cyclic voltammetry (CV) measurements of a LiFePO4 electrode at
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various temperatures [180]. The sluggishness of the Li (de)intercalation process at -20oC has
been attributed to the decrease of the Li diffusion capability in the bulk of LiFePO4 materials.
Obviously, the total capacity of the cathode material cannot be completely used due to the
kinetic limitations.
The capacity of the LiFePO4 electrode increases with increasing temperature since more
electrode materials can be utilized at high temperatures [181]. However, cathode dissolution,
as a side reaction, has also been observed at the elevated temperatures [20, 182-187].
Amine et al. [20] investigated the LFP batteries under both storage and cycling conditions
at high temperatures. At the end of the aging experiments, over 640 ppm and 535 ppm of Fe
ions have been detected in the LiFePO4 and C-LiFePO4 electrolyte solutions, respectively, by
ICP measurements. Furthermore, iron deposition on the graphite electrode has also been
confirmed by EDAX analysis. Similar investigation has been described in [184], where the Fe
deposition on graphite was confirmed by XPS. Interestingly, iron deposition on the separator
was also observed when batteries were aged at high temperatures [186].

Fig. 2.10. Layout of the dissolution mechanism of the LiFePO4 electrode.

It is generally accepted that the LiFePO4 electrode dissolution is related to the H+
contamination in the electrolyte [182, 188]. Residual water inside the electrolyte is considered
to be the origin of H+, according to
H2O

 LiF
LiPF6 
elevated T

POF3

2H+

2F ̶ .

H+ ions can react with the LiFePO4 electrode by ion exchange reactions (2

[2.19]
↔

). The

produced LiH2PO4 will be further dissociated and release 2H+ ions. Therefore, the content of
H+ ions is constant. As schematically illustrated in Fig. 2.10, the dissolved iron ions can be
transported to the anode and be reduced at the graphite surface. Thereby, cathode dissolution
will not be influenced by the accumulation of Fe2+ ions in the electrolyte since the transition
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metal ions are continuously removed from the solution due to their reaction on the anode side
[182].

2.3.2 LiCo1/3Ni1/3Mn1/3O2 (NMC)
Ohzuku et al. [189] was the first one who identified a novel Li insertion material with the
composition LiCo1/3Ni1/3Mn1/3O2, also commonly named stoichiometric NMC, NMC(111) or
simply NMC [190], by using a computational approach [191]. The NMC(111) cathode, similar
to LiCoO2, LiNiO2, LiCrO2, LiMnO2, etc. [192], has a layered Li MO2 type of structure, with
a space group of 3

and lattice parameters of a~2.8 Å and c~14 Å [193, 194]. As shown in

Fig. 2.11a the rhombohedral unit cell has two axes of equal length, and that each angle between
any two axes is the same. The transition metal ions Ni, Mn, Co (indicated in Fig. 2.11a as M in
random substitution) are located at the center of the oxygen octahedra. These MO6 octahedra
are edge-shared, forming a vertical slab parallel to the (001) planes. The Li+ ions are located
between the MO6 slabs.

Fig. 2.11. (a) The crystal structure of LixNiyCozMn(1-y-z)O2 (NMC) cathode material. The blue lines
indicate the unit cell. The Ni, Co, Mn atoms are randomly distributed on the M sites. (b) Change of
lattice parameters and the unit cell volume of the NMC cathode phase during charge and discharge [193].

2.3.2.1 Electrochemistry of NMC electrode
The de-insertion of 1 Li+ in NMC electrode provides a theoretical specific capacity of 276
mAh·g-1. The electrode capacity of NMC below 4.3 V is 160 mAh/g, even higher than that of
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the LiCoO2 electrode (140 mAh/g). The oxidation states of Ni, Co, and Mn in the as-produced
NMC electrode have been identified to be +2, +3, and +4, respectively, on the basis of both
theoretical [195, 196] and experimental studies [196]. First-principle calculations suggest that
only Ni2+ and Co3+ are involved in the redox reactions [196]. Since the relative Fermi level of
the Ni2+/3+ and Ni3+/4+ is higher than that of Co3+/4+ [191, 195-197], it can be concluded that Ni
is oxidized first followed by the oxidation of Co at higher potentials. Ni2+ will be ultimately
oxidized to Ni4+ after extraction of the first two-thirds of the lithium during electrochemical
charging in lithium cells, and oxidation of Co3+ to Co4+ occurs only during extracting of the last
one-third [196]. As in LiNi0.5Mn0.5O2, Mn remains in its initial oxidation state of +4 throughout
normal operating cell voltages.
The most significant structural change in NMC during cycling is the lattice dilation. The
changes of lattice parameters for NMC has been detected in-situ by Wang et al. [193]. The
results are presented in Fig. 211b. It has been concluded that, during charging, c increases
whereas a decreases. These results can be qualitatively understood in terms of charge
compensation. Taking LixNiO2 as an example, and removing Li ions from the lattice, the ionic
radius of Ni decreases with increasing valence state of Ni ions (Ni2+ 0.69 Å, Ni3+ 0.56 Å, Ni4+
0.48 Å). As a result, the edge-shared NiO6 slabs shrink along the a-axis. Meanwhile, NiO6 slabs
become more positively charged and expel each other along the c-axis, resulting in an expansion
along the c-axis.
2.3.2.2 NMC electrode degradation
Transition metal dissolution
Metal dissolution is generally accepted to be a common phenomenon of transition-metaloxides-based cathode materials, such as LiMn2O4, NMC, etc., in acidic solutions (LiPF6-based
electrolyte) at high temperatures [21, 46, 198-203]. Several detrimental effects can be induced
by the metal dissolution process, including (i) capacity fading of the positive electrode, (ii)
metal reduction at the anode surface and the subsequent blockage of the graphite layers, (iii)
damage of the SEI layers leading to higher battery capacity losses. The details of the dissolution
mechanism in NMC positive electrode are still under debate. Some researchers attribute the
disproportion reaction of Mn ions to be the main reason of metal dissolution [204-206] while
others consider the acidic corrosion to be the origin [198-203].
Metal dissolution in various cathode materials has been reported by Choi and Manthiram
[206], see Table 2.5. The dissolution measurements have been performed by soaking the sample
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powders in the electrolyte (EC/DEC 1:1, LiPF6) at 55oC for 7 days, followed by analyzing the
amount of metal ions in the electrolyte with atomic absorption spectroscopy (AAS). Although
NMC material is considered to be more stable than LiCoO2 and LiNi0.5Mn0.5O2, considerable
dissolution has still been observed. From Table 2.5 it can be concluded that NMC(111) material
is relatively more stable than other materials of NMC families.
Table 2.5. Comparison of transition metal dissolution from various cathode materials [206].
Sample number

Composition

Metal ions dissolution % (based on sample weight)
Mn

Ni

Co

Fe

0.8

Total

1

LiCoO2

0.8

2

LiNi0.5Mn0.5O2

0.4

0.7

3

LiNi0.425Mn0.425Co0.15O2

0.3

0.8

0

1.1

4

LiNi0.33Mn0.33Co0.33O2

0.2

0.4

0.3

0.9

5

LiNi0.29Mn0.29Co0.42O2

0.4

1.1

0.3

1.8

6

LiNi0.25Mn0.25Co0.5O2

0.4

0.9

0.5

1.8

7

LiNi0.21Mn0.21Co0.58O2

0.3

0.8

0.5

1.6

8

LiMn0.8Cr0.2O2

2.6

2.6

9

LiMnO2

3.2

3.2

10

LiMn2O4

3.2

3.2

11

LiMn1.5Ni0.5O4

0.3

0.3

0.6

12

Li1.05Mn1.53Ni0.42O4

0.2

0.1

0.3

13

LiMn1.5Ni0.42Zn0.08O4

0.4

0.3

0.7

14

LiMn1.42Ni0.42Co0.16O4

0.3

0.3

0.6

15

LiFePO4

1.1

0.5

0.5

Structural transformation
It is known that the NMC(111) material experiences a phase transition from the
rhombohedral space group 3

(initial “O3” phase) to the monoclinic space group C2/m (“O1”

phase) beyond a charge voltage of 4.4 V vs Li+/Li [23, 26, 191, 207]. The “O1”
LiNi1/3Co1/3Mn1/3O2 phase has been clearly observed at

0.3 [194]. Cycling above this phase

transition point at higher potentials will lead to a faster capacity decay of the cathode.
Structural change induced by Li-Ni site interchange is considered to be another detrimental
effect on the electrode cycling performance [23-26, 207-209]. Due to the similar ionic radius of
Ni2+ (0.67 Å) and Li+ (0.76 Å), there is always a possibility that these two ions exchange their
crystallographic sites, which induces local disorder in the NMC(111) materials. The unremovable Ni ions in the Li layer will then block Li diffusion pathways, leading to a decrease
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of the cathode rate capability. High currents [25] and voltages [23] are considered as
unfavorable, leading distortion of the electrode surface.
It is worthwhile to point out that the degradation mechanism is composition dependent, for
example, Jung et al. [23] reported that the degradation of NMC(532) (LiNi0.5Mn0.3Co0.2O2)
material is attributed to the phase transformation from rhombohedral to spinel at the surface
while the degradation of NMC(111) material is due to the phase transformation from the O3 to
the O1 phase. Therefore the degradation mechanisms of NMC materials should be carefully
studied with respect to the specific compositions.
Particle isolation
Based on the fact that the impedance of cathode electrodes dramatically increase after aging,
some researchers proposed that particle isolation should be responsible for the capacity and
power fades of cathode materials [36, 45, 210]. The increase of the impedance has been
attributed to a loss of the conductive carbon and/or SEI layers on the cathode surface.

2.4 Graphite (C6) electrode decay
2.4.1 Physical properties of graphite
Graphite is the most important anode material nowadays applied in commercial Li-ion
batteries due to its excellent cycling performance, high safety performance and considerable
specific capacity. Furthermore, the electrode potential [211] of the lithiated graphite is lower
than 200 mV vs Li+/Li.
The ideal graphite structure is shown in Fig. 2.12a. The graphite consists of a sequence of
graphene layers parallel to the (001)-oriented plane of hexagonally linked carbon atoms [212].
The planes which are perpendicular to the -axis are defined as basal surface and those parallel
to the -axis are called edge surface. The interatomic distance within a layer plane is 1.42 Å,
the distance between the interlayers is 3.35 Å. Three valence electrons of carbon form regular
covalent bonds ( bonds) with adjacent carbon atoms while the remaining
between the valence bonds, forming a conjugated

electron resonates

bond in the whole graphene layer.

Therefore, the carbon bonding within the graphene layer is extremely strong, leading to stable
chemical properties of the graphite electrode. However, the binding between the adjacent
graphene layers is much weaker. The force combining the adjacent graphene layers is attributed
to the van der Waals force. Due to its intrinsic structural characteristic, the graphite conductivity
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along the basal plane is 2.7 104 S·cm-1 which is comparable to the conventional conductors
(~105 S·cm-1), while only 6~10 S·cm-1 along the -axis [213, 214].

Fig. 2.12. Crystal structure of graphite (a) and types of carbon atoms in graphite (b). Drawing are based
on [212].

The graphene layers are stacked by an ABAB arrangement. The definition of A-type and
B-type carbon atoms are shown in Fig. 2.12b [215]. 17-22% of ABCABC stacking sequence
can be observed in natural graphite [216]. In the so-formed state of the “artificial” or “synthetic”
graphite, only a few percent at best of the ABCABC arrangement can be found. However,
deformation processes such as grinding substantially increase the percentage of this stacking
sequence [216].

2.4.2 Li intercalation into graphite electrode
Li-graphite intercalation compounds (Li-GIC) have originally been discussed in the mid
1950s [217]. The maximum stoichiometry of Li-GIC is LiC6, which has a similar chemical
reactivity compared with metallic Li. Fig. 2.13 shows the Li intercalation model proposed by
Daumas and Hérold [218] in 1960. Their model indicates that several “stages” are involved
during Li intercalation into the graphite electrode. For convenience, the Li-graphite structure of
these “stages” are designated as “stage n”, where the stage index n refers to a single Liintercalated layer for every n graphene sheets [219].
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Fig. 2.13. (a) The classical model and (b) the model proposed by Daumas and Hérold for Li intercalation
into the graphite electrode [218].

However, Li-GIC as anode electrode for Li-ion batteries encountered tremendous
difficulties until 1980s. It was found that most solvent molecules can be decomposed on the
graphite surface at a potential of ~ 0.8 V vs Li+/Li which is much higher than where Li
intercalation is initiated [89]. Furthermore, solvent co-intercalation has been found to be another
problem for the graphite electrode since the subsequent decomposition products of the cointercalated solvent can lead to exfoliation of the graphite layered structure [88]. The situation
was improved only after the seminal work from Dahn and co-workers [90], revealing the role
of the SEI on the reversibility of carbonaceous electrodes and the effect of EC. The SEI layers
formed by EC not only prevent the physical disintegration of graphite that occurs at 0.8 V, but
also support the reversible Li intercalation and de-intercalation at low potentials (<0.2 V) with
an electrode capacity almost approaching the theoretical value of LiC6, 372 mAh·g-1.
Under the protection of the SEI layers, the reversible Li intercalation processes can be
described as follows. Starting from the pure graphite, 4-7% of Li will be intercalated into the
space of each graphene layer to form a “liquid-like” diluted stage 1 (also called stage 1L)
structure [220]. After increasing the Li concentration, the Li-graphite structure transfers from
stage 1L into diluted stage 4 (also called stage 4L) structure, which is accompanied by a phase
transition. Transitions between stage 4L, the dilute stage 3 (stage 3L) and the dilute stage 2
(stage 2L) are still under debate. Stage 3L (LiC18) can be observed at a temperature below 248
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K, however, LiC18 forms a liquid-like stage 2L at room temperature. A phase transition from
stage 2L to dense 2L (with Li composition of LiC12) will take place with further increasing Li
concentration. The final phase transition occurs between the dense stage 2 and the dense stage
1 (LiC6). After the complete Li intercalation, the space between the graphene layers inside
graphite increases from 3.35 to 3.7 Å [221].

Fig. 2.14. The electrode voltage curve of graphite electrode during Li intercalation.

Fig. 2.14 shows the electrode voltage evolution during Li intercalation into the graphite
electrode. The potential of the graphite electrode is determined by

in Li C , where 0

1. Several voltage stages have been observed during the Li (de)intercalation processes due to
the different structures of

at various SoC values [12, 65, 146, 219, 220].

2.4.3 Graphite electrode degradation
Although the graphite electrode is considered to be a stable anode material, structural
degradation has still been observed [221-224]. Kostecki et al. [223] suggested that a nonuniform current distribution across and within the anode can lead to co-intercalation of ion
aggregates, generating local graphite degradation or exfoliation. The inhomogeneity of the
current density within the graphite electrode is more significant at elevated temperatures [223].
Furthermore, the cycling range was found to have a significant influence on the graphite
electrode decay [224]. Typical Raman spectra of graphite electrodes reveal that the structural
damage is more pronounced when cycling at lower SoC ranges, for example, at 0

0.16.

After semi-quantitatively analysis from the Raman spectra it was concluded that the average
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particle size of the graphite electrode decreased [222]. Particle cracks and flake exfoliation have
been visually observed from the aged graphite electrodes by SEM [222].
The stress evolution caused by the repeated volume expansion and contraction of the
graphite electrode during cycling is believed to be the origin of the particle fracture and
structural damage. Mathematical models based on the electrode volume changes have been
proposed to quantitatively describe graphite degradation upon cycling. Among these models
the diffusion-induced-stress (DIS) model [219, 225, 226] was well accepted and widely applied
to analyze the graphite deformation. The model suggests that particle fractures take place due
to severe tangential stresses developed during Li extraction. However, the model proposed by
Christensen and Newman suggests that the particle surface is likely to fracture at the end of
extraction while the center is most likely to fracture at the beginning of Li insertion [227, 228].
Apart from the mechanical stresses induced by Li (de)intercalation, metal dissolution from
the cathode and the subsequent deposition on graphite surface is considered to be another factor
responsible for graphite degradation. Transition metal ions on the graphite surface have been
detected by Energy Disperse X-ray Spectroscopy (EDS) [20, 83] and X-ray photoelectron
spectroscopy (XPS) [182, 184]. These metal clusters covering on the graphite surface hinder
the Li intercalation process, leading to inaccessibility of the graphite electrode [12].
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Chapter 3
Experimental
Both C6/LiFePO4 (LFP) and C6/LiNi1/3Co1/3Mn1/3O2 (NMC(111)) batteries have been investigated
in this thesis. The aging experiments include both storage and cycling experiments performed with
complete batteries and have been carried out with automated cycling equipment (Maccor). Material
characterization focused on dismantled electrodes and have been performed by X-ray Photoelectron
Spectroscopy (XPS), Raman spectroscopy, Inductively Coupled Plasma (ICP) spectrometry and
Scanning Electron Microscopy (SEM).
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3.1 Batteries selected
Two different chemistries of Li-ion batteries (i) C6/LiFePO4 (LFP) and (ii)
C6/LiNi1/3Co1/3Mn1/3O2 (NMC(111)) have been selected for the aging experiments. Fig. 3.1
illustrates the shapes and sizes of these batteries. The C6/LiFePO4 chemistry is represented by
a prismatic 50 Ah battery (Fig. 3.1a) and a cylindrical (ANR26650) 2.3 Ah battery (Fig. 3.1b).
The C6/LiNi1/3Co1/3Mn1/3O2 battery (Fig. 3.1c) is a cylindrical 18650 type of battery with a
nominal capacity of 2.0 Ah. All these batteries are commercially available.

Fig. 3.1. Photographs of C /LiFePO batteries from Huali (a) and A123 (b) and a
C /LiNi

⁄

Co

⁄

Mn

⁄

O battery from B&K (c).

3.2 Storage experiments
Prismatic C6/LiFePO4 50 Ah batteries from Huali Company (Fig. 3.1a) and cylindrical
ANR26650 batteries from A123 (Fig. 3.1b) have been selected for the storage experiments
under various conditions. The electrochemical experiments were performed with automatic
cycling equipment (Maccor). The storage temperature of Huali batteries was at room
temperature (RT) while storage of the A123 batteries was carried out in climate chambers to
control the temperature at 20, 40 and 60oC. A F12-ED refrigerator/heating circulator (Julabo)
with glycol fluid was employed to control the temperature of the climate chambers. The detailed
storage conditions are summarized in Table 3.1 and the experimental details of these two types
of batteries are summarized in Fig. 3.2.
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Table 3.1. Experimental conditions of the storage experiments for two types of C6/LiFePO4 batteries.
SoC
Huali

A123

Temperature

30%

70%

100%

20oC

10%

50%

100%

20oC

10%

50%

100%

40oC

10%

50%

100%

60oC

3.2.1 Storage experiments of prismatic 50 Ah batteries
The batteries were activated with a current of 5 A (0.1 C) for 4 cycles, then fully charged
and discharged under a constant-current constant-voltage (CCCV) regime in order to find the
maximum storage capacities

and

. The cut-off conditions were 3.65 V until 0.1 A

(1/500 C) for deep-charging and 1.6 V until 0.1 A for deep-discharging. Subsequently, three
batteries were charged to

0.3

0.7

and

and then stored

for 20 days at room temperature. The batteries were fully discharged after each 20 days and the
corresponding capacities were denoted as

where superscript represents the

period. The batteries were charged to the previous storage capacity

storage
after fully

discharging in order to make sure that all batteries will continue the previous storage cycle.

3.2.2 Storage experiments of A123 batteries
Before conducting these storage experiments, the A123 batteries were activated for 5 cycles
at room temperature. In order to obtain EMF curves before the storage experiments were started,
characterization cycles were measured at 20, 40 and 60oC, corresponding to the subsequent
storage temperatures. To determine the EMF from the characterization cycles all batteries were
charged in a constant-current constant-voltage (CCCV) mode. A 1C charging rate was used in
the CC-mode and the batteries were allowed to continue charging in the CV-mode at 3.6 V for
2 hours. Then the batteries were discharged at various constant currents (0.1, 0.2, 0.3, 0.5, 0.75,
1, 1.5 and 2C-rate) in the subsequent cycles, using a cut-off voltage of 1.6 V. The EMF curves
have been regularly determined by mathematical extrapolation of these measured voltage
discharge curves. These extrapolation methods will be described in Chapter 4.
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Fig. 3.2. Scheme of the storage experiments.

After completing the characterization process all batteries were charged at 1C rate to various
predetermined levels of SoC (10, 50 and 100%). The corresponding charge capacities are
denoted as

, (Fig. 3.2). The batteries were discharged after one month of storage with the

same current and cut-off voltage, which resulted in the corresponding discharge capacities (

.

Re-characterization was regularly performed before a new storage period was initiated. After
completing these characterization cycles the batteries were charged to the previous discharging
capacity, i.e.

, in order to make sure that all batteries will continue the previous

storage periods.

3.3 Cycling experiments
For the cycling experiments all three types of batteries, shown in Fig. 3.1, have been selected.
The cycling regime was divided into two sections (i) full cycling between SoC = 0-100% and
(ii) partial cycling between SoC = 0-30%, 35-65%, 70-100%. The experimental details will be
discussed below.

3.3.1 Full cycling measurements
3.3.1.1 Prismatic 50 Ah batteries (Huali)
The electrochemical experiments were carried out with Maccor automatic cycling
equipment. The cycling current was selected to be 0.1 C (5A). The environment temperature
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was at room temperature. The batteries were activated using the same method as for the storage
experiments described in Section 3.2.1. Subsequently, the batteries were cycled in the CC mode
with 0.1 C. The cut-off voltage was 3.65 V for charging and 1.6 V for discharging.
3.3.1.2 Cylindrical 2.3 Ah batteries (A123)
Before conducting the cycling experiments all batteries were activated for 5 cycles at room
temperature. The characterization processes were subsequently carried out at 20, 40 and 60oC,
corresponding to the cycling temperatures, to obtain the EMF curves. The details of the
characterization procedures are the same with those in the storage experiments as discussed in
Section 3.2.2. After the characterization process has been completed all batteries were cycled
under various conditions summarized in Table 3.2. Various cycling currents are given in the
second column. The last column shows the duration of each cycle. Since the cycling current is
different, the duration of each cycle is also different. All batteries were regularly recharacterized after approximately every 20 days. Note that the actual duration of each cycle is
variable due to the decreasing of the battery capacity after cycling.
Table 3.2. Experimental conditions of the cycling experiments of A123 batteries.
Temperature
20 C
40oC
60oC
0.1
0.1
0.1
0.5
0.5
0.5
1.0
1.0
1.0
2.0
2.0
2.0
o

Current
(C-rate)

Duration
of each cycle (hours)
22.6~19.3
5.5~4.8
2.3~2.2
2.1~1.8

3.3.1.3 Cylindrical NMC batteries (B&K)
Before conducting the cycling experiments all batteries were activated for 5 cycles at 40
and 60oC, corresponding to the cycling temperatures. The characterization processes were
subsequently carried out to obtain the EMF curves. During characterization all batteries were
charged in the CCCV mode. A 1C charging rate was used in the CC-mode followed by CV
charging at 4.2 V during 1 hours. The batteries were then discharged at various constant currents
(0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.5 and 2.0 C-rate) in the subsequent cycles using a cut-off voltage
of 2.7 V. On the basis of these sets of discharge curves, the EMF was extracted by extrapolation
at either constant SoC (vertical extrapolation) or constant voltage (horizontal extrapolation) at
the end of the discharge process. Details of these extrapolation methods can be found in Chapter
73

Chapter 3 Experimental

4. After the characterization process has been completed all batteries were cycled under various
conditions shown in Table 3.3. Since the cycling current is different, the cycling time in each
cycle is also different. All batteries were regularly re-characterized after approximately every
20 days. Note that the actual duration of each cycle is variable due to the decreasing of the
battery capacity after cycling.
Table 3.3. Experimental conditions of cycling NMC batteries.
Temperature

Current
(C-rate)

40oC
0.1
0.3
0.5
1.0
2.0

Duration
in each cycle (hours)

60oC
0.1
0.3
0.5
1.0
2.0

25 ~22
8.2~7.1
5.4~4.0
3.3~2.9
2.6~2.2

3.3.2 Partial cycling measurements
In order to investigate the influence of cycling State-of-Charge on the battery performance,
the A123 batteries have been selected to perform these partial cycling measurements. The
cycling conditions are summarized in Table 3.4. The activation and characterization processes
of each type of battery are the same to those discussed in Section 3.3.1. After the
characterization process has been completed all batteries were cycled at 1C rate in various
predetermined SoC ranges and at various temperatures, as indicated in Table 3.4. Recharacterization was regularly performed before a new cycling period was initiated.

Table 3.4. Partial cycling conditions of A123 batteries.
Battery
A123
(LFP)
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Temperature

SoC

20oC

40oC

60oC

0-30%

o

20 C

o

40 C

o

60 C

35-65%

o

o

o

70-100%

20 C

40 C

60 C
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3.4 X-ray photoelectron spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for
Chemical Analysis (ESCA) is the one of the most widely used surface analytical techniques
because it can be used to analyze a broad range of materials. XPS can provide valuable
quantitative information of the chemical state of the investigated material surface. The average
depth analysis of XPS is approximately 5 nm. Spatial distribution information can be obtained
by scanning the sample surface with a micro-focused x-ray beam. Depth distribution
information can be obtained by sputtering the sample surface with Argon cluster ions.
In order to investigate the SEI formation and the deposition of Fe on the graphite electrode
upon aging, XPS measurements have been carried out on graphite electrodes dismantled from
the batteries aged under various conditions. The batteries after storage and cycling were fully
discharged at 1C-rate before opening in an Argon-filled glove box. Small pieces of the graphite
electrodes were cut from different locations and rinsed with pure solvent (Diethyl Carbonate).
The collected samples were dried under vacuum for ~3 days before transferring to the XPS
equipment. XPS analyses were carried out on a K-Alpha system (Thermo Scientific) with a
resolution of 0.2 eV, using an Al

monochromatic irradiation (1486.6 eV) at a working

pressure smaller than 7 10-8 bar. Depth profiling was carried out, using Ar ion-beam sputtering
with 500 eV. The sputtering rate was equivalent to 0.26 nm/s on Ta2O5.

3.5 Raman spectroscopy
Confocal Raman spectroscopy is a non-destructive, fast, and high-resolution tool for the
characterization of battery materials. Raman spectroscopy is generally used in chemistry to
provide a fingerprint by which molecules can be identified. Carbonaceous materials with
conjugated sp2 or close to sp2 carbons such as graphite, carbon nanotubes, and graphene etc.,
have been widely studied by Raman spectroscopy in recent years [1-8]. Raman spectroscopy
provides spatially resolved information about the vibrational spectrum and the electronic band
structure via the mechanism of double-resonant Raman scattering [5]. Moreover, Raman
spectroscopy can be efficiently used to monitor number of layers, quality of layers, doping level
and confinement of those graphitic materials.
Graphite is commonly used as the anode material in most commercial Li-ion batteries.
Single-crystal graphite belongs to the 6 /
group is
and

space group [3, 4]. Its isogonal point

. The vibration modes of graphite can be assigned to the types of
as shown in Fig. 3.3. The two in-plane vibrations (

,

,

modes) are Raman active and
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have been identified with a band at 1575 [1] ~ 1580 [8] cm-1 and a low-frequency neutron
scattering feature at 47 cm-1. The earliest Raman spectrum on graphite has been experimentally
analyzed by Tuinstra and Koenig [1]. The only Raman line called G band at 1580 cm-1 has been
observed in single-crystal graphite and is therefore considered to be characteristic for graphite
materials. In most commercial graphite materials a so-called D band at ~1360 cm-1 is usually
also observed [1].

Fig. 3.3. Vibration modes of single crystal graphite and the corresponding spectroscopy actives [3].

The origin of D band is still debatable. Some researchers attributed the D band to a decrease
in symmetry near microcrystallite edges, where the symmetry reduced from

to

or even

[3]. The selection rules for Raman activity has been changed at these edges. Some certain
phonons which were inactive in the infinite lattice became active at edges. Tuinstra and Koenig
reported that the intensity of the D band was proportional to the percentage of the boundaries
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in the samples [1]. Obviously, the effective crystallite size

in the direction of the graphite

plane determines the percentage of the edges which was considered to be the origin of the D
band. When the laser spot is probing these edges, even when the bulk structure is perfect, the D
peak will appear in the spectra. This edge effect was validated by Pimenta et al. [2]. Apart from
the edge effect, structural defect / disorder was considered to be another origin of the presence
of the D band. Defects include bond length and angle disorder at the atomic scale. In principle,
the sample edges can also be considered as defects [6]. Therefore, it can be concluded that the
smaller

and higher numbers of defects will lead to a higher D peak intensity. Apart from the

D band, another band at 1620 cm-1 (D’ band) is also considered to be related to defects [8].
However, the D’ band is much more difficult to distinguish as it strongly coincides with the
large G band.
Raman spectroscopy was used to analyze the structural degradation of the graphite electrode
after the cycling experiments have been completed. The dismantled electrodes were rinsed by
Dimethyl Carbonate (DMC) and dried in a vacuum chamber for 1 week before the
measurements were carried out. The excitation wavelength was supplied by an internal He-Ne
632 nm laser. The size of the laser beam at the sample was ~ 0.2
anode surface was carried out across a typical 40

40

. Raman mapping of the

area at 0.8

lateral resolution,

using a software-controlled motorized XY stage.

3.6 Scanning electron microscopy (SEM)
The morphology of the electrode was characterized by scanning electron microscope (SEM)
from Philips/FEI XL 40 EFG. The samples were prepared by dismantling the batteries aged
under various conditions. Pieces of electrode were cut down and rinsed with Dimethyl
Carbonate (DMC) and then dried under vacuum for 3 days. The SEM images were taken at 10
kV acceleration voltage at a beam current of 0.54 nA. The particle size distribution has been
analyzed based on the SEM images.

3.7 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
The concentration of iron ions in the electrolyte is very small [9]. Conventional analytical
technologies are not sufficient to obtain quantitative information of trace elements in the
electrolyte. The most commonly used technique for the determination of small concentrations
of elements is based on atomic spectrometry. Each element has its own characteristic set of
energy levels and thus its own unique set of emission and/or absorption wavelengths. Atomic
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Absorption Spectrometry (AAS), Optical Emission Spectrometry (OES), Atomic Fluorescence
Spectrometry (AFS) and Atomic Mass Spectrometry (AMS) are the four most popular atomic
spectroscopic techniques. An important advantage of OES is that it is flexible to select specific
emission wavelengths characteristic for individual elements. [10].
In OES, the samples have to be subjected to considerably high temperatures in order to
reach the excited (ionized) states of the atoms. These excited atoms can decay to lower states
through thermal or radiative energy transitions. The intensity of the light emitted at specific
wavelengths is measured and used to determine the concentrations of the elements of interest.
Argon supported inductively coupled plasma (ICP) is the state-of-the-art in plasma sources as
it generates extremely hot plasma to excite and/or ionize the atoms for atomic and ionic
emission. The combination of an ICP and OES is called ICP-OES [10].
In order to quantitatively determine the Fe deposition on graphite electrodes, three samples
have been prepared based on the graphite electrode dismantled from (i) pristine, (ii) cycled and
(iii) stored batteries. The corresponding aging conditions of the cycling and stored batteries are
2 C-rate at SoC = 10% at 60oC, respectively. The graphite electrodes have been cut into small
pieces of 2.9 2cm (both sides are coated by active materials), and immersed into the sulfuric
acid solution with a concentration of 1 mol/L (prepared from H2SO4, 99.999%, Aldrich). The
samples have been stored at room temperature for 10 days in order to dissolve the Fe sufficiently.
The ICP measurements are carried out on these samples, using standard calibration solutions.
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Chapter 4
Methodologies and Terminologies
This chapter introduces the most important methods used in this work, including Electromotive
Force (EMF) determination and

/

analysis. The EMF curve is considered to be an

important tool to obtain an in-depth understanding of aging mechanisms inside Li-ion batteries.
Various parameters, such as maximum capacities (

), irreversible capacity losses (Δ

),

overpotentials ( ), etc., can be extracted from these EMF curves. The development of the second
/

depressions in the

curves is proven to be an interesting indicator for the graphite

electrode decay. A non-destructive approach has been proposed to quantitatively determine the
graphite inaccessibility after aging.

(b)
Qout / Ah

Voltage / V

(a)

-dVEMF / dQ

Voltage / V

EMF

C-rate

C-rate

Qout / Ah

Qout / Ah
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4.1 EMF determination
The Electromotive force (EMF) is the battery voltage at its equilibrium state. The
relationship between the EMF and the thermodynamic properties has been described by
G   zFVEMF ,

[4.1]

where Δ is the change of the Gibb’s free energy, is the number of the electrons involved in
the basis charge-transfer reaction (Eqs. 1.13-15),

the Faraday constant and

is the EMF

voltage of the battery. The EMF curve describes the equilibrium voltage as a function of SoC
[1]. The maximum storage capacity of the battery can then be easily obtained from the EMF
curve. Several methods have been used to measure the battery EMF, such as Galvanostatic
Intermittent Titration Technique (GITT), Potentiostatic Intermittent Titration Technique (PITT),
etc. In this work we adopted a more classical and convenient approach, which is based on the
regression extrapolation of voltage discharge curves obtained under various loading conditions
[1-5].

3.5

3.34

2.5

(a)
0.5Ah

3.30

2.4V
0.9Ah
1.5Ah

2.0

1.5
0

EMF
0.1C
0.2C
0.3C
0.5C
0.75C
1.0C
1.5C
2.0C

(b)

2.60

0.7Ah

3.26

0.1

0.3
C-rate

0.5

Qout / Ah

Voltage / V

Voltage / V

3.0

2.8V
2.52

2.9V

3.0V
2.44

0.1

0.3
C-rate

0.5

t

Qmax
0.5

1

1.5
Qout / Ah

2

2.5

Fig. 4.1. Set of voltage discharge curves (solid lines) obtained during the characterization process of a
LFP battery (A123) at 60°C with various indicated discharge currents. The extrapolated EMF curve is
represented by the dotted curve. The insets show an example of the vertical (a) and horizontal
extrapolation (b) procedure.
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Fig. 4.1 shows, as an example, a set of voltage discharge curves for a C6/LiFePO4 battery at
60oC and, extracted from these results, the extrapolated EMF-curve (dotted line). Dependent on
the SoC, the extrapolation is performed at either constant SoC (vertical extrapolation) at the
beginning of discharging or at constant voltage (horizontal extrapolation) at the end of the
discharge process. The insets show an example of such a vertical (a) and horizontal
extrapolation (b) procedure. Linear relationships are observed between the current and voltage
in the vertical direction and between the current and extracted amount of charge (

) in the

horizontal direction, indicating that the extrapolation is highly accurate.
The maximum capacities of the batteries (

) can then be determined from these

extrapolated EMF curves as indicated in Fig. 4.1. The obtained values for

represents the

total amount of the cyclable Li ions inside the batteries.

4.2 Parameters and definitions
Parameters and definitions involved in the aging experiments will be introduced in this
section. Fig. 4.2 shows the voltage curves of a LFP battery during charging and discharging.
The corresponding charge and discharge capacities are represented by
for the

and

1

,

and

,

(charging capacity) and

,

cycle, respectively.

Fig. 4.2. Voltage curves of a LFP battery where
(discharging capacity) are defined at the

and

,
1

cycle.
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The charge capacity (

) represents the total amount of charge transferred from the cathode

to the anode during the charging while the discharge capacity (

) represents the total amount

of charge that can be re-extracted from the anode and transported to the cathode during
discharging. The subsequent charging capacity (

) denotes the amount of charge that can

be re-extracted from cathode and transported to the anode during the subsequent charging
process. Ideally,

. However, under real conditions there are always cyclable

Li losses due to parasitic side-reactions, such as the SEI formation at the anode, and electrode
material decay, resulting from, for example, structural degradation of the cathode during
(dis)charging, implying that the above capacities may be different from each other. CE a is
introduced to describe the charge efficiency at the anode, according to
CEa 

Qdn
.
Qchn

[4.2]

Traditionally, CE a is denoted as the coulombic efficiency. Similarly, the charge efficiency at
the cathode  CE c  can be defined as
CE c 

Qchn 1
.
Qdn

[4.3]

The values of CE a and CE c are determined by the side-reactions at the anode and cathode,
respectively.
Fig. 4.3a shows the methods and parameters used in this thesis. The black thick line in Fig.
4.3a represents the extrapolated EMF curve at the initial state (

) after full battery

activation but before aging, including storage and cycling. The red thick line shows the
extrapolated EMF curve after long-time aging (

), where the superscript denotes the

aging time. The corresponding maximum capacities of the EMF curves are denoted by
and

where

is considered to be the total storage capacity at any aging time

irreversible capacity loss (Δ

can then be defined as
0
t
.
Qir  Qmax
 Qmax

[4.4]

The voltage discharge curves in the initial and aged state are represented by
curve) and
denoted by

. The

(thin black

(thin red curve), respectively. The corresponding discharge capacities are
and

. The apparent discharge capacity loss (Δ

) in Fig. 4.3a can then be

defined by
Qapp  Qd0  Qdt .
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The voltage difference between the discharging voltage curve and the EMF curve is defined
as the total overvoltage

).

Fig. 4.3. Schematic representation of the methods and defined parameters used in this thesis. (a) The
for pristine and

EMF curves (
and
(Δ

for aged batteries) and the voltage discharge curves (

) define the various storage capacities (
) and irreversible capacity loss (Δ

,

and

), and the overpotential

,

), the apparent capacity loss
. (b) Schematic representation

of the voltage curves of the LiFePO4 electrode, the graphite electrode and the complete LFP battery. The
various voltage regions are denoted by
,

,

,

,

,

,

for the graphite electrode and

,

,

,

,

for complete batteries. The corresponding ratios of the various graphite electrode stages are

represented by

,

and

. The total capacity is represented by

for the graphite electrode,

for the cathode.

for the complete battery and by

Fig. 4.3b schematically shows the EMF curves of the two individual electrodes and added,
the EMF of the complete battery. It is well known that several voltage plateau regions of the
graphite electrode can be identified during Li+ (de)intercalation. These voltage regions are
denoted by

,

,

,

and

,

. Plateau I has been related to the (de)intercalation processes
85

Chapter 4 Methodologies and Terminologies

at the so-called dense stage 1 and stage 1 - 2, plateau II to stage 2 and stage 2 - 2L, and plateau
III corresponds to the remaining intercalation processes, including stages 3L and 4L and the
dilute stage 1L [6-7]. The width of these voltage plateaus ( ,
Li C (see Fig. 4.3b) where
plateaus (
(

,

,

,

and

and

) can be related to

in

1 . The storage capacities of the individual
) can then be related to the total graphite electrode capacity

,

, according to
QC6 ,I  xIQC6 ,

[4.6]

QC6 ,II  x IIQC6 ,

[4.7]

QC 6 ,III  x IIIQC6 ,

[4.8]

QC6  QC6 ,I  QC6 ,II  QC6 ,III .

[4.9]

where

Generally, as schematically shown in Fig. 4.3b the anode electrode capacity (
designed larger than the cathode electrode capacity (

) is always

) in order to avoid metallic Li-

plating on the anode surface. Therefore the LiFePO4 electrode is the battery capacity-limiting
electrode in LFP batteries. Since the voltage curve of the LiFePO4 electrode has a wide and flat
plateau, the various identified battery voltage plateau regions (red curve in Fig. 4.3b) must be
attributed to the graphite electrode. The storage capacities of the various battery plateau regions
can be represented by

Li,I ,

Li,II

and

Li,III .

The total battery capacity is therefore a summation

of these three plateaus
Qmax  QLi,I  QLi,II  QLi,III .

[4.10]

4.3 Overpotential and resistance determinations
The battery overpotential (also called overvoltage) established at a certain current as a
function of SoC can be written as
  SoC   V EM F  SoC   V bat  SoC  ,

where

is the EMF at various SoC and

[4.11]

is the battery voltage at a given

discharge current as a function of SoC. Fig. 4.4 shows an example of the calculated
overpotentials, according to Eq. 4.11, as a function of SoC and discharge currents.

86

Chapter 4 Methodologies and Terminologies
0.5
0.10
0.20
0.30
0.50
0.75
1.00
1.50
2.00

Overpotential / V

0.4

0.3

C
C
C
C
C
C
C
C

0.2

0.1

0

0

0.2

0.4

0.6

0.8

1

SoC

Fig. 4.4. Development of the overpotentials at various indicated discharging currents as a function of
SoC.
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Fig. 4.5. Development of the total battery resistance at various indicated discharging currents as a
function of SoC.

The total battery resistance at various discharging currents as a function of State-of-Charge
(

) can be calculated on the basis of the overpotentials, according to
R  SoC  

where

  SoC 
Id

,

represents the discharge current. Fig. 4.5 shows the corresponding

[4.12]
values

calculated from the data shown in Fig. 4.4, using Eq. 4.12.
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Fig. 4.6. Development of the battery voltage initiated by a discharging current application after resting.
The inset shows a zoom-in of the instantaneous voltage drop after current applying.

Fig. 4.6 shows the development of the voltage profile when the battery discharge process is
initiated. The battery voltage at the end of the resting period is denoted as
commencing the discharge process is denoted by

and that after

. The response time of the cycling device

(Maccor) is about 15 ms. Since Δ is sufficiently small, the voltage drop in such a period can
be considered as ohmic, representing the ohmic resistance

of the battery where

can be

written as
Vrend  Vdini
.
Id

R 

[4.13]

4.4 Non-destructive quantification of QC6
Using a reference electrode is considered to be an effective way to determine the graphite
electrode capacity. However, batteries have to be opened in order to position reference
electrodes inside the electrode package, which will influence the cycling performance. In this
section, a non-destructive approach is proposed, which is based on the analyses of the plateaus
on the battery EMF curves to quantitatively determine the graphite electrode capacity
has been represented by
and
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,

,

,

and

according to Eqs. 4.6-4.8. Although

,
,

,

.

by dividing the corresponding ratios
,

and

,

,

are unknown parameters,
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some connections to the battery capacities can, however, be found. Details will be discussed
below.
The observed plateaus in the battery EMF curves are attributed to the graphite electrode
since the cathode voltage curve has a wide and flat plateau region (Fig. 4.3). It is known that
during charging a graphite electrode, it is thermodynamically more favorable to preferentially
occupy the available sites in the graphite electrode starting from the plateau III host sites,
followed by the plateau II sites to finally occupy the plateau I sites at the end of the charging
process [6]. Obviously, the reverse holds for the discharging processes. Interestingly, as
schematically shown in Fig. 4.3b, the identifiable storage capacities of the various battery
voltage plateaus are quantitatively related to those of the graphite electrode by
Q Li,II  QC6 ,II  x IIQC 6 ,

[4.14]

Q Li,III  QC6 ,III  x IIIQC6 .

[4.15]

However,
QLi,I  QC6 ,I ,

[4.16]

because the amount of Li-ions to be delivered by the LiFePO4 electrode is not sufficient to
occupy all available host sites in the graphite electrode.
the basis of
,

and

,

and

,

can in principle be calculated on

, according to Eqs. 4.14 and 4.15. From an experimental of view,

are more convenient to be accurately determined. Therefore, Eq. 4.14 will be

adopted to determine the graphite electrode capacity in this thesis. In order to facilitate a more
accurate determination of the width of the second plateau

,

, differential voltage analyses

has been carried out from the determined EMF curves and the details will be discussed in the
following section.

4.5 Analyses of dV/dQEMF curves
Differential voltage analysis is an effective method to investigate various battery systems,
including Li-ion batteries [8-14].

/

curves are highly useful to examine, for example,

phase transitions of electrode materials and may offer a detailed understanding of ionic
intercalation mechanisms in host materials.
Li-ion intercalation and consequent phase transitions inside the electrode materials are one
of the most important processes occurring during battery operation. However, it is very difficult
to extract information of the individual electrodes from the battery voltage curves as the total
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battery voltage

is the difference between the cathode ( ) and the anode ( ) electrode

voltages, i.e.
,

[4.17]

Differential voltage analysis provides, however, a possibility to get more insight into the
intercalation processes and phase transitions of the individual electrodes [10-12, 14]. The
amount of charge exchanged between the positive and negative electrode are always exactly
balanced as the two electrodes are obviously operating in series. Therefore the following
expression applies
dVbat dVc dVa


.
dQ
dQ dQ

[4.18]

Eq. 4.18 implies that the information of the individual electrodes can, in principle, be
identified from the battery voltage curves by making use of the differential voltage technique.
The main drawback of the dependence of

/

is that

includes the overpotential

contributions of both the electrodes and electrolyte during battery operation, i.e. during
(dis)charging. The overpotentials obscure the signals of the electrode materials in the

/

curves, making it difficult to draw conclusions with respect to the operation of the electrode
materials. Instead of analyzing the

/

curves,

/

curves can provide more

underlying information about intercalation and phase transitions for the individual electrode
[10-12] as

dVEMF dVLiFePO4 dVC6


,
dQ
dQ
dQ
where

,

and

[4.19]

refer to the battery voltage and to the individual electrode

voltages, respectively.
Fig. 4.7a shows an example of a
60oC. The depressions on
while the peaks on

/
/

/

curve determined for a LFP (A123) battery at

curve are corresponding to the plateaus in the EMF curves

curve correspond to the slopes on EMF curve. As shown in Fig.

4.3b, the voltage plateau of the LiFePO4 electrode is very flat.

/

in Eq. 4.19 can be

considered zero at almost all SoC, implying that the depressions and peaks on the

/

curve must be related to the graphite electrode voltage, especially in the plateau II region. The
width of the region II on
according to Eq. 4.14.
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curve of a LFP (A123) battery at 60oC. (b) The

/

Fig. 4.7. (a) Illustration of

define the storage capacities of the various battery voltage regions denoted as
,

,

,

,

,

,

,

,

/

curves

,

,

and

for pristine and aged batteries, respectively.

The storage capacity of the graphite electrode may decrease upon aging. Eqs. 4.14 and 4.15
imply that a decrease of both
voltage characteristics

,

and

and

,
,

,

will lead to the same decrease of the battery

. Storage capacity loss of the graphite electrode has, for

example, been attributed to particle isolation and layer blockage [6]. As a consequence of these
deterioration mechanisms all voltage plateau regions of the graphite electrode are expected to
be reduced proportionally. The reduction of the second battery voltage plateaus can then be
represented by

QLi,II  QC6 ,II  xII QC6 .

[4.20]

QLi,III  QC6 ,III  xIII QC6 .

[4.21]
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/

As the width of plateau II in the
electrode, the decrease of Δ

curves is exactly the same to that of the graphite
/

obtained from

,

curves can be considered as an

indicator for the graphite electrode degradation.
Fig. 4.7b schematically shows an example of the corresponding

⁄

curves for a

pristine (black) and aged (red) LFP battery. The amount of charge related to the various battery
voltage plateau regions are represented by
,

,

,

,

,

,

and

,

at pristine state, and by

,

,

in the aged state. Obviously,
Δ

Li,I

Δ

Li,II

Δ

Li,III

Li,I ,

Li,I

[4.22]

Li,II ,

Li,II

[4.23]

Li,III ,

Li,III

[4.24]

and
Δ

-dVEMF / dQ

I

Δ

Δ

Li,I

Li,II

II

Δ

Li,III .

[4.25]

III
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Fig. 4.8. Development of

1
Qout / Ah

/

2

curves as a function of cycle number during cycling at 2 C and

o

60 C.

Fig. 4.8 illustrates, as an example, the development of the
of cycle number at 2 C and 60oC. The conventional

/

/

curves as a function

plots, as shown in Fig. 4.8, are

usually normalized at the charged state. The advantage of this plot is that the total irreversible
capacity loss can be easily identified as indicated by the red arrow. However, the changes of
the individual plateaus are difficult to monitor. In order to emphasize the changes in width of
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regions I and II, all curves are aligned with respect to the first peak at about 0.8 Ah. As shown
in Fig. 4.9, the blue vertical lines indicate the position of the first and second peak in the pristine
state. A red sloping line, connecting the second peak positions in the

/

curves is added

to emphasize the decline of the plateau II regions. The cycling-induced changes of regions I and
II, indicated by red arrows, now become more visible.

-dVEMF / dQ

I

II

III

1200
900
600
300
0

0

Fig. 4.9. Development of

1
Qout / Ah

/

2

curves as a function of cycle number during cycling at 2 C and

60oC.

The technique of differential of the extrapolated EMF voltage curves analysis provides a
non-destructive approach to accurately determine the graphite electrode decay, which allows to
continuously perform cycling tests without interruption.
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Chapter 5
Degradation Mechanisms of LFP Batteries
Experimental Analyses of Calendar Aging
The capacity loss and material decay of LFP batteries have been investigated under various storage
conditions as a function of State-of-Charge (SoC) and temperature. The electromotive force (EMF)
curves, determined by mathematical extrapolation of the measured voltage discharge curves, are
used to investigate the aging mechanisms during storage. The irreversible capacity loss, which is
accurately calculated on the basis of the maximum storage capacity estimated from the EMF curves,
increases as a function of temperature and SoC. The loss of cyclable lithium during storage is
considered to be the main source of the irreversible capacity loss under all storage conditions.
Strikingly, during storage at 60oC another important degradation process was discovered: the
inaccessibility of graphite. The graphite electrode decay has been quantitatively determined by non⁄
curves. Deposition of Fe on the graphite electrode
destructive analyses on the basis of
has experimentally been confirmed by XPS and ICP analysis. The increasing graphite inaccessibility
is shown to be the consequence of Fe dissolution from the cathode with the subsequent deposition
onto the anode.
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5.1 Introduction
Although LFP batteries have many advantages, the capacity loss and the electrode material
decay are still important issues to address. Capacity losses generally include both the as-denoted
irreversible and reversible losses [1]. Irreversible losses are due to the immobilization of Li ions
inside the batteries and reversible capacity losses are caused by kinetic limitations resulting
from higher internal resistances. Extensive studies have been performed to investigate these
degradation mechanisms [2-29].
It is well known that electrons extracted from the cathode during charging are partially
consumed by parasitic reactions occurring at the anode, leading to low coulombic efficiencies
in the first (dis)charge cycles. The reaction products form a protective layered structure on the
graphite surface, known as Solid-Electrolyte-Interphase (SEI). Continuous growth of the SEI
layer during aging lead to irreversible capacity losses [30-33]. Various SEI formation
mechanisms have been proposed in the last decades. Some researchers consider electron
tunneling through the SEI to be rate determining [34, 35] while others believe solvent diffusion
through the SEI [36, 37] or charge transfer to be rate limiting [38]. The structure of the SEI
layer has been unraveled by experimental studies. A thin and dense inorganic layer was found
to be present on the graphite surface followed by a more porous organic layer [39-41]. A new
tunneling model based on this specific SEI morphology will be proposed in this thesis [2, 3].
Besides Li-immobilization in the SEI layer, both cathode and anode electrode material
decay has been reported [6]. Dissolution of the LiFePO4 electrode has been discussed
extensively [10-14]. Fe-ion dissolution into the electrolyte has been examined by Inductively
Coupled Plasma (ICP) spectroscopy [12, 13] and was found to be affected by many factors,
such as the impurity levels in the cathode material [42], water contamination in the electrolyte
[10] and operating conditions [13]. Obviously, Fe dissolution leads to a change in surface
morphology, which may suppress the cathode electrode kinetics. Several strategies have been
reported to improve the LiFePO4 electrode stability, such as carbon coatings [43], electrolyte
additives [44], etc.
The decay of the graphite electrode has also been investigated by many researchers [5, 6,
45-49]. The disparity of the Li ions within graphite particles during (de)lithiation is considered
to be the main reason for the structural decay. A diffusion-induced stress (DIS) model was
proposed to explain the degradation during (dis)charging [47]. However, to the best of our
knowledge no reports are addressing the mechanisms of the graphite electrode decay during
long-term storage.
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The calendar life of Li-ion batteries is of major importance, especially in applications such
as EVs and HEVs which reside most of the life time in the so-called parking mode [7]. Moreover,
in-depth investigation of aging mechanisms during storage is helpful to understand the battery
fading phenomena under other operating conditions. Prismatic 50 Ah and cylindrical 26650
LFP batteries were used to carry out the present storage experiments. The capacity loss, material
decay and resistance development up to 1 year storage has been analyzed and will be discussed.
The deposition of Fe on the graphite electrodes has been analyzed by XPS and ICP. Based on
these results a new graphite decay mechanism during storage is proposed in the present chapter.

5.2 Results
5.2.1 Aging of prismatic batteries
The experimentally observed capacity degradation data of prismatic batteries (50 Ah, Huali
company) are shown in Fig. 5.1. The results were obtained after storage at 30% (black curve),
70% (blue curve) and 100% (red curve) at 20oC. After storage at 30% SoC for more than 3000
hours the capacity decreased 0.935 Ah, approximately 2% of the initial value, while storage at
70% and 100% induced a two times higher degradation with losses of 1.844 Ah and 1.841 Ah,
respectively. Under the present storage conditions the electrodes decay are considered to be
negligible, therefore, the capacity losses are mainly attributed to the SEI formation [2, 3].
56

30%

t

Qmax / Ah

55

54

70%

53

100%
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51
0

1000

2000
Time / h

3000

Fig. 5.1. Measured discharge capacity of prismatic batteries (50Ah, Huali company) under various
indicated SoC and room temperature as a function of storage time.
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It is well known that the graphite surface has already been covered by the SEI layers after
the activation cycle(s) performed by the manufacture. The SEI layers consist of a dense inner
layer and a porous outer layer [30, 39, 40, 50]. The porous structure of the outer layer can
facilitate the solvent molecular passing through. However, the compact inner layer is tightly
adhered to the graphite surface and will prevent solvent molecules from penetrating. The
continuous growth of the SEI layer can be explained by electron tunneling. Electrons can tunnel
continuously through the inner SEI layer and reduce the solvent molecules. Consequently, the
SEI layer will slowly grow at the interphase between the inner and outer SEI layer during
storage. The electrons for this reduction process are delivered by the oxidation of Li stored in
the graphite electrode.
The electron tunneling probability is largely determined by the energy barrier which is
influenced by the graphite electrode potential [2, 3]. The lower the graphite electrode potential,
the higher the tunneling probability; consequently, the capacity losses will be faster. Therefore,
the resulting capacity losses depend on the SoC and total storage time. A more detailed
discussion about the capacity losses under various storage conditions will be given in Chapter
7.

5.2.2 Aging of A123 Batteries
Charge and discharge curves of LFP batteries stored at SoC = 100% at different
temperatures are shown in Figs. 5.2a-c. A decline of the discharge capacity as a function of
storage time is found in all cases. It is evident that the capacity declines faster at 60oC than at
20 and 40oC. Moreover, an overvoltage increase is observed after storage at 60oC (Fig. 5.2c).
Figs. 5.2d-f show the corresponding (discharge) EMF curves after storage under various
conditions. Similarly, the capacity losses calculated from the EMF curves increase with
increasing storage temperatures; the irreversible losses are most pronounced at 60oC. The total
capacities obtained from the discharge curves are in all cases smaller than those determined
from the corresponding EMF curves due to kinetic limitations. As the EMF curves represent
the voltage profiles in the equilibrium state, the values for

exclude the influence of

polarization caused by the charge transfer reactions and mass transport processes.
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Fig. 5.2. Charge (1C) and discharge (1C) voltage curves after storage A123 batteries at SoC=100% and
20oC (a), 40oC (b) and 60oC (c). (d)-(f) are the corresponding extrapolated EMF curves. The different
voltage curves correspond to various indicated storage times.

5.2.2.1 Apparent capacity loss
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Fig. 5.3. The apparent discharge capacity loss (Δ
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) of A123 batteries as a function of storage time

at 20oC (a), 40oC (b) and 60oC (c) at 10% (black curves), 50% (blue curves) and 100% (red curves) SoC.
Note that the axes are kept the same for all temperatures.
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The values for Δ

are calculated from the discharge capacities under various storage

conditions shown in Figs. 5.3a-c, according to Eq. 4.5. Fig. 5.3 reveals that Δ
most case as a function of SoC at all temperatures. Remarkably, Δ

increases in

decreases as a function

of storage time at SoC=10% at 20oC as has also been reported by Kassem, et al. [7]. Δ

is

found to be significantly larger at 60oC than at 20oC and 40oC, again clearly indicating
accelerated degradation at elevated temperatures.
5.2.2.2 Irreversible capacity losses
Δ

has been calculated according to Eq. 4.4 from the EMF curves shown in Figs. 5.2d-f.

Fig. 5.4 shows the development of Δ

as a function of storage time at various SoC and

temperatures. In line with the trend found for Δ

in Fig. 5.3, Δ

SoC. The influence of the temperature on Δ

is, however, more significant than the

increases with increasing

dependence on SoC. The irreversible capacity losses at 60oC are significantly accelerated,
indicating that severe decay occurs at elevated temperatures.
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Fig. 5.4. The irreversible capacity loss (Δ
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) of LFP batteries stored at the indicated SoC at 20oC (a),

40oC (b) and 60oC (c). Black symbols represent Δ

measured at SoC = 10%, blue symbols SoC = 50%

and red symbols SoC = 100%. Note that the axes are kept the same for all temperatures.

Δ

represents the immobilization of cyclable Li ions and is mainly attributed to the SEI

formation on the graphite electrode. The SEI layers are well known for their dual role during
Li-ion battery operation. On the one hand, the SEI layers protect the electrode from solvent cointercalation, thereby preventing exfoliation of the graphite layers. On the other hand, SEI
continuously grows due to solvent reduction, initiated by the electron tunneling process through

100

Chapter 5 Degradation mechanisms of LFP batteries: Experimental Analysis of Calendar Aging

the inner SEI layer. The electron tunneling represents a rate-determining step of the SEI growth
during storage [2, 3]. The electron tunneling probability increases with decreasing graphite
electrode potential. Therefore the SEI formation rate is indeed expected to increase at higher
SoC when the graphite electrode potential is lower.

ln(dQ ir / dt) / A

-9.0

-10

100%
-11

50%
10%

-12
2.9

3.1
3.3
1 / T  1000 / K -1

3.5

Fig. 5.5. Temperature dependence of the rate of the irreversible capacity loss (

⁄

) at 10%, 50%

and 100% SoC.

Fig. 5.5 shows the rate of the irreversible capacity loss (ln

⁄

as a function of

temperature at different SoC after 4000 h storage. It is generally accepted that reaction rates
follow an Arrhenius-type dependence as a function of reciprocal temperature [35]. Although
the number of investigated temperatures for these elaborate experiments had to be limited, Fig.
5.5 clearly shows that accelerated degradation takes place at higher temperatures, suggesting
that an additional aging mechanism is responsible for the increased immobilization of lithium
under this condition.
The influence of temperature on the irreversible capacity loss of LFP batteries has been
extensively discussed [6, 13, 19, 22, 35, 51]. The iron dissolution from the LiFePO4 cathode is
considered as the most likely reason for faster degradation at elevated temperatures.
Subsequently, the metal ions migrate to the anode, pass the SEI layers and can be reduced at
the graphite/SEI interface. The deposition of metallic clusters at the graphite electrode has at
least three consequences:
(i)

Iron reduction at the graphite electrode consumes electrons, which leads to
irreversible capacity losses;
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(ii)

The deposited iron clusters may influence the SEI morphology and may, being a
good electronic conductor, facilitate electron transport across the SEI layer, thereby
accelerating the SEI formation and Li immobilization;

(iii)

The iron clusters may block Li intercalation into the graphite electrode, leading to
inaccessibility of the graphite layers.

The irreversible capacity losses related to mechanisms (i) and (ii) are accelerated at elevated
temperatures (see Fig. 5.5) as more metal ions can be dissolved from cathode and deposited on
the graphite surface. The inaccessibility of graphite particles related to mechanism (iii) occurs
only at 60°C, see detailed discussion in Section 5.4.
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curves obtained from the discharge EMF curves before (black lines) and after

storage (red lines) at various SoC and temperature. The different stages, characteristic for the graphite
electrode, are indicated by I, II and III.

5.2.2.3 Analysis of

/

curves

Fig. 5.6 shows the development of the

/

curves before (black) and after (red)

storage at various indicated SoC and temperatures. The depressions are corresponding to the
plateaus and the peaks are corresponding to the slopes in the voltage curve of the graphite
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electrode (see Figs. 5.2d-f). The total shrinkage of the red curves compared with the black
curves indicates the total irreversible capacity losses Δ

. The capacity losses of the red curves

are increasing with SoC. It is also found that the capacity losses increase significantly when the
temperature increases as shown in Figs. 5.6a, d and g. The influence of the temperature is even
larger than the SoC.

−dV/dQ

0.6

o
20 C

(a)

(b)

(c)

III
I

III

II

I

III

II

−dV/dQ

(d)

I

II

I

(f)

(e)
III

0.3

III

II

I

III

II

I

II

0

−dV/dQ

0.6

III

0.3

I

(i)

(h)

(g)

III

II

I

III

II

I

II

0
0

⁄

100%

0

40oC

Fig. 5.7.

50%

0.3

0.6

o
60 C

10%

1
Capacity / Ah

2

0

1
Capacity / Ah

2

0

1
Capacity / Ah

2

curves for A123 batteries obtained from the discharge EMF curves before (black

lines) and after storage (red lines) at various SoC and temperatures. All curves are aligned with respect
to the first peak at approximately 0.8Ah. The different stages, characteristic for the graphite electrode,
are indicated by I, II and III.

Apart from the total capacity losses, the decreases in the width of the various regions can
also be observed from the red curves. The decline of the individual regions, for example, region
I and II, reflects different aging processes inside the battery. It has been identified that during
charging a pristine LFP battery it is thermodynamically more favorable to occupy the asdenoted stage III sites in the graphite electrode followed by the occupation of stage II sites.
Finally, at the end of the charging process all stage I sites will be occupied. Therefore the
apparent reduction of voltage plateau I in Fig. 5.6 must be attributed to the Li-immobilization
process [52, 53]. The decrease of region II (Δ

,

) is believed to be related to the graphite

materials blockage as discussed in section 4.4.
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ΔQ

ΔQ

,

ΔQ

Li,III

4000
Time / h

(blue curves) and Δ

8000

,

(cyan curves) as

a function of storage time at 20oC, SoC = 10% (a), 50% (b) and 100% (c); at 40oC, SoC = 10% (d), 50%
(e) and 100% (f); and at 60oC, SoC = 10% (g), 50% (h) and 100% (i).

In order to properly compare the changes in magnitude of region I and II, all curves are
aligned with respect to the first peak at approximately 0.8 Ah. Fig. 5.7 shows the

/

curves after alignment. The width of region I clearly decreases as a function of SoC and
temperature which is mainly attributed to lithium immobilization in the SEI layer. The influence
of the temperature is more dominant than the influence of SoC. In contrast, a decrease in width
of region II can only be observed at 60oC. The as-obtained values for Δ
(blue curves) and Δ

,

,

(red curves), Δ

,

(cyan curves) as well as the total irreversible capacity losses (Δ

presented by the black curves) are shown in Fig. 5.8. It can indeed be concluded that Δ

,

is

very close to the values of Δ

,

in

and that Δ

,

and Δ

,

are much smaller than Δ

most cases.
5.2.2.4 Resistance
Fig. 5.9 shows the development of the battery resistance during discharging after 6000 h of
storage under various conditions. The black curves show the pristine battery characteristics and
the red curves correspond to those after storage. The differences between the two curves are
almost negligible when batteries are stored at 20oC (Figs. 5.9a-c) and 40oC (Figs. 5.9d-f) at all
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SoC. However, a significant resistance increase is found for batteries stored at 60oC, in
particular at SoC=50% (Fig. 5.9h) and 100% (Fig. 5.9i). The maxima found in the resistance
curves can be related to different (de)lithiation stages of the graphite electrode.
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Fig. 5.9. The development of the total battery resistance

2

0

1
Qout / Ah

2

(A123) as a function of

during constant

current discharging of pristine batteries (black curves) and batteries stored for 1 year at various indicated
conditions (red curves) at 20°C (a)-(c), 40°C (d)-(f) and 60°C (g)-(i). Storage experiments has been
carried out at 10% SoC ((a), (d) and (g)), 50% SoC ((b), (e) and (h)) and 100% SoC ((c), (f) and (i)).

The total battery resistance is generally considered to consist of three terms
[5.1]
where the ohmic resistance

not only combines contributions of the current collectors,

internal (particle-particle) connections and electrode materials but also the migration
component of the electrolyte-related overvoltage [54],
resistances of the two battery electrodes and

relates to the charge-transfer

relates to the mass-transfer resistances,

including all Li+ diffusion processes taking place in LFP batteries.
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Fig. 5.10. The development of the ohmic resistance (

) for A123 batteries stored at various

temperatures and SoC = 10% (black symbols), SoC = 50% (blue symbols) and SoC = 100% (red
symbols).

Fig. 5.10 shows the development of the ohmic resistance measured during the initial stages
of discharging under different storage conditions. Details of the measurements can be found in
Chapter 3.

is found to be essentially independent on the storage time and SoC at 20oC (Fig.

5.10a) and 40oC (Fig. 5.10b). However, the SoC has a significant influence on storage at 60oC.
increases significantly after about 3000 hours (Fig. 5.10c), which must be attributed to a
decrease of the electronic conductivity of the active battery materials [14, 17].
Fig. 5.11 shows the development of the calculated values for
Obviously,

(

).

is smaller at higher temperatures than at lower temperatures. The

differences between the pristine (black curves) and stored batteries (red curves) are only
marginal, except at 60oC at SoC =100%. Obviously, the maxima in Fig. 5.11 correspond to
those found in Fig. 5.9. High temperatures will both increase the charge-transfer kinetics and
diffusion processes, which is in line with the decrease in
(Fig. 5.11) are similar in magnitude to those for
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at 60oC, indicating that the ohmic resistances are more dominant at

is much smaller than
higher temperatures.
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Fig. 5.11. Development of the sum of the charge-transfer and mass-transfer resistances on

after

storage at 10%, 20oC (a), 50% SoC, 20oC (b), 100% SoC, 20oC (c), 10% SoC, 40oC (d), 50% SoC, 40oC
(e), 100% SoC, 40oC (f), 10% SoC, 60oC (g), 50% SoC, 60oC (h), 100% SoC, 60oC (i). The black lines
refer to pristine batteries, the red lines to the aged batteries after 6000 h storage.

5.2.3 Graphite electrode characterization
5.2.3.1 Scanning electron microscope (SEM)
In order to visually observe the changes of the graphite electrode after storage, the
morphologies of the graphite electrodes have been investigated by SEM. Fig. 5.12 shows an
example of the SEM images of both the pristine (a) and aged graphite electrodes (b). Quite
some changes of the graphite electrode can be seen after storage. The particle surface of the
pristine graphite electrode is smooth and clean (a) while it becomes rough and vague after
storage (b). The changes of the graphite electrode morphology are considered to result from the
SEI formation. The thickness of the SEI layers can be detected by XPS analysis which will be
discussed in the following section.
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Fig. 5.12. SEM images of the graphite electrode before (a) and after (b) storage under 60oC for 6000
hours.

5.2.3.2 XPS analysis of SEI
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Fig. 5.13. C 1s spectra obtained from the graphite electrode after storage for about 6000 hours at 20oC
(a) and 60oC (b).

Fig. 5.13 shows the evolution of C1s spectra of a graphite electrode after storage for about
6000 hours at 20oC (a) and 60oC (b) as a function of sputtering time in the XPS equipment. The
graphite signal could not be detected on the electrode surface at t = 0 at all temperatures,
indicating that the graphite surface is covered by SEI layers. Interestingly, it is found that the
intensity of C1s spectra of C6 (indicated by the arrow) at sputtering time of 60 s decreases as a
function of temperature. The intensity of the graphite C1s spectra at 20oC is quite high as
indicated in Fig. 5.13a, and becomes much weaker at 60oC as shown in Fig. 5.13b. It can be
concluded that the thickness of SEI layers on the graphite electrode increases as a function of
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temperature. After a longer sputtering time the C6 signal becomes more and more significant as
the bare graphite surface has been reached.
The thickness of the SEI layer is proportional to the total irreversible capacity losses Δ

.

The results observed in Fig. 5.13 show that the irreversible capacity losses are larger at elevated
temperatures than at lower temperatures. It should be noted that after rinsing some of the SEI
layers can be dissolved or detached. Therefore the real thickness of the SEI layers might be
thicker than what is detected by XPS.
5.2.3.3 XPS analysis of Fe deposition
The iron deposition on the graphite electrode has also been analyzed by XPS. Fig. 5.14
shows Fe 2p spectra obtained after 60 s sputtering on the dismantled graphite electrodes, which
have been stored for 6000 hours at different temperatures and at SoC = 10%. The peak at 707.6
eV is observed for the electrode stored at 60oC, and has been assigned to the 2p3/2 peak of
metallic iron.

Intensity (ARB)

Fe2p1/2

Fe2p3/2

60oC

40oC

20oC

740

730

720
710
Binding Energy / eV

700

Fig. 5.14. Fe 2p spectra obtained from the dismantled graphite electrode after storage A123 batteries at
different temperatures.

Fig. 5.15a shows the evolution of the Fe 2p spectra of a graphite electrode after storage for
6000 hours at 60oC, SoC =10% as a function of sputtering time in the XPS equipment. No
metallic iron was detected on the electrode surface at t = 0. However, the iron intensity quickly
increases with sputtering time to decrease again after longer sputtering times. The Fe 2p3/2 core
level peak is at 707.6 eV compared to a theoretical value of 706.8 eV for metallic Fe and 710
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eV for Fe2+ ions [56]. The slight shift towards higher binding energies as compared to metallic
Fe suggests that the Fe atoms have some interactions with the SEI material, donating charge to
the atoms, having high affinity energies, such as O and F [57]. Fig. 5.15b shows the C 1s spectra
(284.6 eV) at the same etching times.
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Fig. 5.15. Fe 2p spectra (a) and C 1s spectra (b) for a dismantled graphite electrode after various
sputtering times. The battery has been stored, in this example, for 6000 hours at temperature of 60oC at
SoC = 10%.

Graphite cannot be detected without sputtering at

0, indicating the existence of the SEI

layers. After sputtering the C6 signal slowly increases and saturates when the bare graphite
surface has been reached. Combining the results in Fig. 5.15a and b it can be concluded that the
iron clusters are embedded in the SEI layers covering the graphite surface when stored at high
temperatures. Contrastingly, no iron deposits could be identified by XPS inside the SEI layers
at low temperatures.
In order to quantitatively determine the total amount of the iron deposited on the graphite
electrode, ICP measurements have been carried out. Details will be discussed below.
5.2.3.4 ICP-OES measurements
The Fe deposition on the graphite electrode which has been confirmed by XPS analysis,
has been quantitatively determined by ICP measurements. Graphite electrodes dismantled from
3 different batteries, (i) pristine, (ii) cycled at 2 C-rate and 60oC for 1700 cycles, (iii) storage at
60oC and 10% for 10 months have been dissolved into 1M H2SO4 solutions for 10 days. The
total amount of iron deposited on the graphite is summarized in Table 5.1.
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No iron has been detected in pristine graphite. However, considerable iron is found in the
aged graphite electrodes as shown in Table 5.1. In order to obtain the total amount of iron
deposited on the aged graphite electrode inside LFP batteries, the iron concentration measured
by ICP can be recalculated on the basis of the sample geometries. The parameters of the samples
as well as the complete battery are summarized in Table 5.1 (columns 2-4).

Table 5.1. Dimensions of dismantled and cut graphite electrodes and the amount of iron deposited
W / cm

L / cm

A / cm2

(sample), pristine

2

2.9

(sample), cycled

2

(sample), stored

/ mg

(H2SO4)

(ICP)

(calculated)

11.6

0.015

-

-

2.9

11.6

0.015

2.26

0.0339

2

2.9

11.6

0.015

2.22

0.0333

(battery), cycled

5.5

175.5

1930.5

-

-

5.64

(battery), stored

5.5

175.5

1930.5

-

-

5.54

The surface A is 2

(

/ mg·L-1

V/L

as the electrode is coated double-sided. The total amount of iron

) deposited on the graphite electrode of both samples and batteries is calculated and given

in the last column in Table 1. The total amount of iron deposited on the graphite electrode inside
the LFP batteries is calculated to be 5.64 mg when cycled 1700 cycles at 2 C and 60oC. This
amount is about the same (5.54 mg) after storage at 10% and 60oC for 10 months. The deposition
of Fe calculated above causes blockage of the graphite layered structure leading to the graphite
electrode capacity loss. Furthermore, the battery capacity fading will be accelerated due to the
so-called catalyst effect of these Fe clusters. The influence of Fe deposition on the battery
capacity loss will be quantitatively discussed in details in Chapter 7.

5.2.4 Quantification of the inaccessibility of the graphite electrode
The stability of the graphite electrode is highly dependent on the quality of the SEI layers.
Although extensive efforts have been carried out to improve the quality of the SEI layers,
graphite degradation is still observed during storage and cycling, especially at the elevated
temperatures.
The degradation of the graphite electrode has at least two distinctive features:
(i)

Structural deformation of the graphite electrode can lead to an increase of the
electrode impedance.
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(ii)

The electrode decay will cause inaccessibility for Li intercalation leading to a
decline of the electrode capacity. Li plating will take place when the graphite
electrode capacity becomes smaller than the battery capacity.

In-depth understanding of the graphite degradation mechanisms and the quantitative
determination of the graphite electrode decay is therefore essential for the investigation of the
irreversible capacity losses inside the LFP batteries. Several mechanisms have been proposed
to explain the decay of graphite electrodes [46, 47] under cycling conditions. Strain generated
during the (de)lithiation processes was considered to be the main origin for graphite structure
decay. However, in case of the present storage experiments no current has been applied to the
batteries and no (de)lithiation is involved. The graphite decay mechanism can therefore not be
related to strain but must be attributed to the iron dissolution-precipitation mechanism. The
blockage of the graphite layered structure is considered to be the main reason responsible for
the graphite capacity loss [58]. The quantification of the graphite capacity loss will be discussed
below.
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Fig. 5.16. Decrease of the second battery voltage plateau (Δ

,

8000

as a function of storage time at SoC

= 10% and various indicated temperatures.

Fig. 5.16 shows, in more detail, the development of Δ
SoC=10%. At lower temperatures (20oC and 40oC) Δ

,II
,II

at different temperatures and at
is negligible but it becomes

considerable at 60oC. As can be concluded from the presence of plateau I voltage region in Fig.
5.7g there are still “stage I sites” available and the decrease of Δ
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only be explained by the fact that some sites in the graphite electrode have become inaccessible
at 60°C.
As discussed in the Chapter 4.5, the total graphite capacity loss can be calculated on the
basis of Δ

,

according to Eq. 4.20

QC6 
It is generally assumed that 0.5
for

,

1 for

QLi,II
.
xII
,

, 0.25

[5.2]
0.5 for
0.5,

as is schematically indicated in Fig. 4.2b. Therefore,

,

and 0

0.25

0.25 and

0.25. Fig. 5.16 indicates that no graphite material losses occur during storage at 20 and 40oC,
which is in line with the conclusions of Safari, et al. [5] who showed that no graphite electrode
decay takes place during storage at moderate temperatures. Δ

,II

increases to 0.04 Ah after

6000 h storage at 60oC corresponding, according to Eq. 5.2, to a decrease of graphite electrode
capacity Δ

of 0.16 Ah.

5.3 Calendar ageing model
From the above experiments it can be concluded that storage at higher temperatures has
quite some impact on the stability of LFP batteries. The various results show that iron
dissolution from the cathode and precipitation on the anode plays an essential role in the
graphite electrode degradation process. In order to understand the mechanistic details the
following battery model is proposed where both the low and high temperature degradation are
considered in Figs. 5.17 and 5.18, respectively.
Fig. 5.17a shows the low-temperature case where the SEI formation and the accompanying
lithium immobilization is considered to be the only process responsible for ageing. Electrons
are assumed to tunnel through the inner SEI layer, reducing solvent molecules at the inner/outer
SEI interphase. The development of the storage capacities are schematically shown in Fig. 5.18a.
The maximum storage capacity of the battery

is considered to be equal to that of the

cathode (

is oversized with respect to that of the

cathode.

as the capacity of the anode (

is considered to be constant at moderate temperatures because of its excellent

stability. It is well-known that during the activation process, commenced after the LFP batteries
have been manufactured, the SEI layers grow onto the graphite electrode. Consequently, lithium
ions are immobilized in the SEI. This process continues during the initial activation procedure
in the present experiments. The lithium immobilization process results in a reduction of the
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reversible storage capacity indicated by Δ

in Fig. 5.18a. The total reversible capacity

is indicated by the red area in Fig. 5.18a. The total number of host sites inside the graphite
electrode, as represented by

, are still available and can be considered constant. According

to the XPS analyses no iron precipitation is found on the graphite electrode under lowtemperature conditions.

Fig. 5.17. Calendar ageing models at low (a) and elevated temperatures (b).

Apart from the SEI formation, other deterioration processes are clearly involved during
storage at elevated temperatures. Fig. 5.17b includes the following processes: accelerated SEI
formation, iron dissolution from the cathode and metal deposition onto the graphite electrode,
making parts of the graphite electrode inaccessible for Li intercalation. Iron ions can dissolve
from the cathode by a chemical exchange reaction with protons from the electrolyte [10].
Subsequently, these ions diffuse/migrate to the anode where they are electrochemically
converted into metallic iron, which is in good agreement with the present XPS results. These
metal clusters have two clearly visible detrimental effects:
(i)
114
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(ii)

It simultaneously blocks the graphene layers, making the various stages of the
graphite electrode partly inaccessible for lithium intercalation, as schematically
shown in Fig. 5.17b.

Fig. 5.18. Schematic representation of the development of the storage capacity of LFP batteries at low
(a) and elevated temperatures (b).

Fig. 5.18b illustrates the storage capacity losses upon storage at elevated temperatures. Δ
is found to be significantly larger at 60oC than at lower temperatures. A decline of

, caused

by electrode blockage, is also indicated in Fig. 5.18b. The capacity losses of the cathode,
Δ

, caused by the iron dissolution are considered to remain negligibly low during

storage [5] and is therefore not considered in Fig. 5.18b. Interestingly, both degradation
mechanisms have a distinctive appearance in the development of the

⁄

curves:

immobilization of lithium ions in the SEI layers are visualized by the reduction of the stage I
voltage plateau region only whereas, on the other hand, graphite electrode blocking induced by
the iron particles influence all three voltage regions, which can also be identified in the
⁄

curves.
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5.4 Conclusions
Capacity degradations of the prismatic C6/LiFePO4 (50Ah) batteries have been investigated
under various storage SoC at room temperature. The capacity loss, which has been attributed to
the SEI formation on the graphite electrode, is found to be larger at higher SoC than that at
lower SoC.
The capacity loss and material decay of cylindrical C6/LiFePO4 batteries (A123 system)
during storage have been systematically investigated as a function of both SoC and temperature.
The EMF curves, which are regularly determined by mathematical extrapolation of the
measured voltage discharge curves, are used to investigate the aging mechanisms during storage.
The irreversible capacity loss, which is accurately calculated on the basis of the maximum
storage capacity estimated from the EMF curves, increases as a function of temperature and
SoC. It is concluded that the origin of Δ

is mainly related to the lithium immobilization in

the SEI layers formed on the graphite electrode. The thickness of the SEI layers has been
determined by XPS analysis by sputtering. It is shown that the thickness of the SEI layers at
high temperatures is much thicker than at lower temperatures which is in line with the
conclusions of Δ

.

Based on the EMF curves,
mechanisms. Detailed analyses of the

/

curves have been applied to investigate the aging
/

curves provide a non-destructive approach to

quantitatively determine the graphite inaccessibility. The accessibility of the graphite electrode
is found to be reduced at higher temperatures. The iron deposition on the graphite surface is
considered to be the origin for the graphite decay under storage conditions since the graphite
electrode will be blocked and the Li intercalation will be hindered. The presence of iron at
higher storage temperatures has been experimentally proven by XPS and ICP. The deposited
metal clusters on the graphite electrode facilitate electron transport through the SEI layer and,
consequently, accelerate the SEI formation and growth. Iron deposition was found to be
negligible at moderate temperatures.
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Chapter 6
Degradation Mechanisms of LFP Batteries
Experimental Analyses of Cycling-induced Aging
Electromotive force (EMF) voltage curves are regularly determined to facilitate in-depth
understanding of aging mechanisms of LFP batteries during cycling. The irreversible capacity losses
under various cycling conditions and temperatures are accurately obtained from the extrapolated
EMF curves and are found to increase with cycle number and time. A new mathematical
extrapolation method is proposed to distinguish between calendar ageing and cycling-induced
ageing. The capacity losses due to calendar aging are obtained by extrapolating the total irreversible
capacity losses to zero cycle number. It is found that calendar ageing increases logarithmically in
time. On the other hand, cycling-induced ageing is accurately determined by extrapolating the
capacity losses to zero time. In this case the capacity losses are found to increase linearly with cycle
number. It is furthermore found that iron dissolution from the cathode at 60oC and the subsequent
deposition onto the anode enhances significantly the SEI formation on the graphite electrode and,
consequently, battery ageing. Interestingly, the graphite electrode decay has been quantified in much
/
curves. The analyses show that the electrode decay can be
more detail, by analyzing the
related to both the structural deterioration and the inter-layer surface blockage of the graphite
electrode, as has also been experimentally confirmed by Raman and XPS spectroscopy.
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6.1 Introduction
Aging of Li-ion batteries is one of the most important issues in the development of EV and
HEV. Many studies have been carried out to investigate the cycling performance of Li-ion
batteries in order to understand the underlying aging mechanisms [1-22]. For example, Li et al.
[1-3] have investigated the battery capacity degradation by both experiments and simulations.
Dubarry et al. [4-6] studied battery aging on the basis of

/

analysis and Safari et al. [7-9]

have investigated the capacity fade of LFP batteries at different cycling temperatures.
Christensen et al. [20] discussed the battery capacity loss by mathematical simulations and
Smith et al. have investigated battery aging at low currents and elevated temperatures [21].
Cyclable Li-ion losses and electrode materials decay are considered to be the most important
degradation mechanisms [23-27]. The irreversible capacity losses due to Li immobilization are
mainly attributed to the SEI formation onto the graphite electrode. Volume changes induced by
cycling [28-33] and active materials blockage [3] are considered to be the main reasons, causing
the graphite electrode decay. In addition, the cathode dissolution has also been reported at
elevated temperatures [14]. Metal dissolution from the cathode at elevated temperatures and the
subsequent deposition onto the anode leads to accelerated battery capacity losses. Cathode
dissolution is considered to result from water contamination in the electrolyte [34-40]. Material
decay reduces the electrode capability to reversibly accommodate Li-ions but, simultaneously,
also increase the electrodes resistance [13, 14].
C6/LiFePO4 (LFP) batteries are excellent candidates to investigate battery aging as the
cathode has outstanding stability properties at moderate temperatures and the focus can
therefore be put on the anode degradation processes. In this chapter the degradation of LFP
batteries have been studied under various cycling conditions, such as different currents,
temperatures, as well as cycle ranges. The influence of the cycle number and time on the
irreversible capacity losses will be discussed in detail. The anode capacity losses caused by the
structural degradation of the graphite electrode will be analyzed on the basis of the

/

curves. The anode degradation has been experimentally confirmed by Raman spectroscopy.
Iron dissolution and precipitation, induced at elevated temperatures, is confirmed by XPS
spectroscopy.
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6.2 Results
6.2.1 Cycling prismatic batteries (50Ah)
Prismatic batteries have been cycled at 0.1C and at room temperature. Fig. 6.1 shows the
development of the normalized capacity as a function of total cycling time (black curve). As
expected the battery capacity decreases as a function of cycle numbers. For convenience the
capacity loss during cycling is compared with those unraveled under storage at various SoC
reported in chapter 5 (see colored curves in Fig. 6.1). It can be seen that the capacity decay
during cycling is faster than that under storage. The capacity losses under both cycling and
storage are plotted in Fig. 6.2. It can be concluded that the capacity losses resulting from cycling
are higher compared to those found upon storage, which is in agreement with the experimental
data reported before [1]. This is caused by the volumetric changes of the graphite electrode
during charging and discharging.
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Fig. 6.1. Normalized capacity decay of 50 Ah batteries upon storage at various SoC: 30% (red curve),
70% (blue curve), 100% (magenta curve) and upon cycling at 0.1 C-rate (black curve).

The aging performance of C /LiFePO batteries under various cycling conditions will be
investigated in more detail with smaller size batteries, namely the A123 (2.3Ah) system. The
aging results of this battery type will be discussed in the following sections.
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Fig. 6.2. The capacity losses under storage at various SoC: 30% (red curve), 70% (blue curve), 100%
(magenta curve) and upon cycling at 0.1 C-rate (black curve).

6.2.2 Cycling cylindrical batteries (2.3Ah) in the full SoC range
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Fig. 6.3. Development of the extrapolated EMF curves as a function of cycle number at 0.1C (a), 0.5C
(b), 1C (c) and 2C (d) and at 60oC.
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Figs. 6.3a-d show the development of the extrapolated EMF curves upon cycling A123
batteries at various discharge-rates at 60oC. Each discharge voltage curve corresponds to
specific cycle number indicated in the legend. It is clearly visible that the maximum storage
capacity

declines upon cycling significantly faster at higher current than at low current.
/

Figs. 6.4a-c illustrate the development of the normalized maximum capacities (

)

as a function of cycle number at various temperatures and cycling currents. It can be seen that
/

decreases faster at higher temperatures than at lower temperatures. Fig. 6.4a

reveals that influence of the current is minor at low temperature, but becomes significant at
/

elevated temperatures as shown in Figs. 6.4b-c. From Figs. 6.4a-c it follows that
/

decreases faster at lower currents. Figs. 6.4d-f illustrate

as a function of time at

various temperatures and cycling currents. The influence of current is clearly observed at low
temperature (see Fig. 6.4d). In contrast with the results shown in Figs. 6.4a-c, the decrease of
/

is found to be faster at higher currents than at lower currents.
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6.2.2.1 Irreversible capacity losses (

)

As it has been defined in Chapter 4, the irreversible capacity loss (Δ
between

and

. Figs. 6.5a-c illustrate the development of Δ

) is the difference

as a function of cycle

number at various cycling currents and temperatures. In line with the results observed in Figs.
6.4a-c, Δ

is found to be larger at the elevated temperatures than at lower temperatures.

Furthermore, it can be concluded that Δ

is larger for lower currents (see Figs. 6.5a-c) when

plotted as a function of cycle number. However, as shown in Figs. 6.5d-f, Δ

is larger at

higher currents when plotted as a function of cycle time. Summarizing Figs. 6.5a-f it can be
concluded that Δ

is both cycle number and cycling time dependent. In order to have an in-

depth understanding of the influence of the cycle number and time on Δ

, a new mathematical

extrapolation method is proposed to distinguish between calendar aging and cycling-induced
aging.
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Fig. 6.6a shows the development of Δ
time at 60oC. Δ

as a function of both cycle number and cycling

clearly increases with both cycle number and cycling time, as indicated by

the red and blue arrows, respectively. For a given cycle time Δ

increases significantly with

increasing discharge current because the cycle number is, obviously, much larger at higher
currents. In order to identify the influence of the calendar time on the total irreversible capacity
loss and to exclude the cycling effect, a mathematical extrapolation towards zero current was
applied. The irreversible capacity loss obtained by extrapolating towards zero current is defined
as calendar ageing (Δ

). Obviously Δ

only depends, in a logarithmic way, on time and

not on current and cycle number (see red region in Fig. 6.6a).

Fig. 6.6. (a) Three-dimensional representation of Δ

measured upon cycling at 0.1, 0.5, 1 and 2C and

plotted as a function of cycle number and time. The capacity loss due to calendar ageing (red region)
has been obtained by extrapolation to I = 0C. (b) Ageing induced by cycling (red region) is obtained by
extrapolation to t = 0.

Fig. 6.6b shows the development of Δ

as a function of cycle number up to 300 cycles,

which is the maximum cycle number reached under low-current cycling conditions. Again,
Δ

increases with both cycle number and time. Strikingly, for a given cycle number, Δ

increases with decreasing current, as is indicated by the red arrow. The reason for this behavior
is related to the much longer duration of the cycling experiments at lower currents, as indicated
in Table 3.2. Similarly, in order to eliminate the influence of calendar ageing and to study only
the influence of cycling, the total irreversible capacity losses have been mathematically
extrapolated to zero time, as is indicated by the red region in Fig. 6.6b. The irreversible capacity
loss due to cycling has been attributed to the SEI formation on the graphite electrode and the
volumetric changes of this electrode upon (dis)charging [1]. It has been shown that under these
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conditions the existing SEI layer is partly peeled off, exposing new uncovered graphite surface
where new SEI will start to grow [1]. The capacity loss related to this peeling-off process has
been denoted as

. Remarkably, a linear relationship between

and cycle number

is

found in Fig. 6.6b, in line with the model prediction reported before [1]. A detailed discussion
of

will be given in Section 6.3.

Fig. 6.7. Development of Δ

and corresponding values for Δ

and

at 20oC, 40oC and 60oC as

a function of time (a-c) and cycle number (d-f).

Fig. 6.7 shows an overview of the development of Δ

as a function of cycling time (a-c)

and cycle number (d-f) at various indicated cycling currents and temperatures. The extrapolated
‘red areas’ in Figs. 6.7a-c represent the development of calendar ageing as a function of time.
It can be concluded that calendar ageing increases logarithmically with time and is significantly
higher at elevated temperatures. The extrapolated red areas for Δ

as a function of cycle

number, shown in Figs. 6.7d-f, unravel the influence of cycling only. The capacity losses related
to cycling-induced ageing can be related to the accelerated SEI formation due to the volumetric
changes of the graphite electrode and are found to increase linearly with cycle number. Also in
this case a strong temperature dependence is found.
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The mathematical extrapolation technique, adopted in Figs. 6.6 and 6.7, offers a new but
simple method to distinguish between the individual contribution of calendar ageing and
cycling-induced ageing during long-term cycling experiments. To the best of our knowledge,
this is the first time that the influence of cycling time and cycle number has been independently
extracted from conventional battery cycling experiments. Based on these analyses the various
ageing mechanisms can be analyzed and modeled in detail.
/

6.2.2.2
/

analyses

curves can easily be obtained from the extrapolated EMF curves. It has been
/

reported that analysis of

curves is helpful to understand the aging mechanisms

during cycling [3-5, 41, 42]. For clarity reasons, only the curves at 0.1 and 2C-rate at 20oC (a
and b) and 60oC (c and d) are shown in Fig. 6.8 at various cycle numbers. The three indicated
regions I, II and III have been discussed in detail in Chapter 4 (Fig. 4.2). The peaks in the
/

curves correspond to the sloping regions in the EMF curves and the depressions

correspond to the plateaus.
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/

curves shown in Fig. 6.8 are normalized at the charged state. Therefore, the
/

shrinkage of the various
irreversible capacity loss (Δ

curves indicated by the red arrow represents the total

). As discussed in Fig. 6.5, Δ

increases as a function of both
/

current and temperature. Apart from the shrinkage of the whole

curves, the decrease

in the width of individual regions can also be observed, especially at the elevated temperatures.
The decline of regions I and II provides insight into the understanding of the aging mechanisms.
In order to facilitate a proper analysis of the width of regions I and II, a more logic alignment
/

has been adopted to replot these
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curves. The details will be discussed in Fig. 6.9.
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at 0.1C (a and c) and 2C-rate (b and d) at 20oC and 60oC as a function of the various indicated cycle
numbers.

Fig. 6.9 shows the replotted

/

curves with alignment on the basis of the first peak

at approximately 0.8 Ah. A small decrease of region I is observed in Fig. 6.9a. When the
discharge current increases to 2C-rate (Fig. 6.9b), the decrease of region I becomes somewhat
larger, indicating higher capacity losses at higher currents. The change of region II at 20oC is
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negligible in both cases. However, the decrease of region I during cycling becomes significant
at 60oC, even at small current (Fig. 6.9c). In addition, the decrease of region II becomes very
pronounced at this high temperature, especially at 2C (Fig. 6.9d). This becomes even more
/

evident with the help of the red sloping lines, connecting the peaks of the various
curves.
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Fig. 6.10. The development of Δ

,

(a-c), Δ
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(d-f) and Δ

,

,
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(g-i) as a function of cycle number

at various currents (0.1, 0.5, 1, 2C-rate) and temperatures (20, 40 and 60oC). For comparative reasons
the values of all axes are kept the same.

The capacity losses of the individual regions, denoted by Δ
obtained from the

/

,Δ

,

,

and Δ

,

, are

curves under all cycling conditions. The specific values are

summarized in Fig. 6.10 as a function of cycle number for the various investigated temperatures
and discharge currents. It is found that Δ
(Figs. 6.10a-c). Strikingly, Δ

,

,

increases strongly with increasing temperature

decreases to even negative values during the initial stages of

cycling at 1C and 2C at 20oC (Fig. 6.10a). Both Δ

,

(d-f) and Δ

,

(g-i) also increase as a

function of cycle number.
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6.2.2.3 Quantitatively determination of graphite capacity decay (

)

As described in Chapter 4.5, the graphite degradation can be quantified on the basis of
Δ

(Figs. 6.10d-f), according to Eq. 4.20

,

QC6 
where

QLi,II
.
xII

, as discussed in Chapter 5.2.4, is assumed to be 0.25. Fig. 6.11 shows the

development of the graphite electrode capacity decay under various cycling conditions as a
function of cycle number. Obviously, the development of Δ
Δ

is small at 20oC but becomes much more

as shown in Figs. 6.10d-f. It is found that Δ

,

is in line with the trend of

significant at 60oC, indicating a strong temperature dependence.
o
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Fig. 6.11. The capacity decline of the graphite electrode under various cycling currents (0.1, 0.5, 1 and
2 C) at 20oC (a), 40oC (b) and 60oC (c) as a function of cycle number.

Graphite degradation is considered to be induced by (i) structural deformation of the
graphite electrode and (ii) iron deposition onto the graphite electrode. Structural deformations
are generally attributed to the volume changes in the graphite electrode during cycling. These
volume changes induce stress, which leads to a poor connection between the graphite particles
as well as cracking of the graphite particles. The isolated/deformed graphite particles therefore
become inaccessible and this will result in an increase of Δ

. Particle isolation and/or

structural deformation of graphite electrodes can be investigated by SEM and Raman analyses.
The iron deposition will be shown to occur by XPS measurements. Details will be discussed in
the following sections.
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6.2.2.4 Raman spectroscopy
/

The integrated intensity ratio

between the D and G bands is widely used to

qualitatively characterize the amount of defects in graphite [43]. An increasing

/

ratio

implies an increasing number of materials defects. For example, Sethuraman et al. [33] have
reported the degradation of graphite electrodes after cycling by analyzing the evolutions of the
/ .
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Fig. 6.12. Raman spectra of the cycled graphite electrodes cycled at 0.1C at various temperatures. The
Gauss function was used to fit the peaks (bold lines). The intensities are normalized with respect to the
G band.

The Raman spectra of the graphite electrodes measured after cycling at various temperatures
are shown in Fig. 6.12. The intensities of the G bands in the various spectra are normalized with
respect to each other. The presence of the D and D’ bands clearly indicates the existence of
defects in all graphite electrodes. The peak height of the D band increases, however,
significantly at higher temperatures, indicating that the structural degradation of graphite
electrodes at high temperature cycling is more severe.
Fig. 6.13 shows the Raman mapping plots of the

/

ratio of the uncycled graphite

electrode (Fig. 6.13a) as well as the graphite electrodes after cycling at various temperatures
(Figs. 6.13b-d). The low values of the

/

ratio represented by dark blue color indicate a

better crystalline structure of graphite. It can be seen that the dark blue areas decrease with
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increasing temperature, implying increased graphite disorder. The orange and red spots in the
maps indicate the inhomogeneity of graphite during cycling, especially at higher temperatures.

Fig. 6.13. Surface Raman maps of the

/

ratio of a 40
o

o

40

graphite electrode area at pristine

o

state (a) and after cycling at 2C-rate at 20 C (b), 40 C (c) and 60 C (d).

6.2.2.5 XPS analysis of Fe deposition
Precipitation of the iron ions at the graphite electrode under various aging conditions has
been investigated by XPS. The Fe 2p spectra for the graphite electrodes after cycling at various
temperatures are shown in Fig. 6.14. It is confirmed that no iron precipitation occurred on the
graphite electrode at 20 and 40oC. However, the Fe 2p signal located at 707.6 eV is clearly
detected when the graphite electrode was cycled at 60oC, indicating that severe Fe dissolution
and deposition onto the anode has taken place at elevated temperatures. The slight shift of this
Fe 2p3/2 peak with respect to the theoretical value of 706.8 eV is attributed to the interaction
between Fe and the atoms, such as O and F, having high affinity energies [44].
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Fig. 6.14. Fe 2p spectra obtained from the dismantled graphite electrodes after cycling A123 batteries
at different temperatures.
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Fig. 6.15. Fe2p spectra (a) and C 1s spectra (b) collected for a dismantled graphite electrode after cycling
at 60oC with a current of 0.5C at various sputtering time.

Fig. 6.15a shows the development of the Fe 2p spectra (707.6 eV for Fe 2p3/2) of the graphite
electrode cycled at 60oC at different sputtering time. Hardly any iron is detected at t = 0 s, while
the intensity becomes significant after t = 60 s. Fig. 6.15b shows the C1s peak (284.6 eV) for
C6 at the same etching time. No graphite can be detected at t = 0 s, indicating the existence of
the SEI layers. However, after sputtering the C6 signal slowly increases and saturates when
approaching the bare graphite surface. In contrast to the development of the C1s peak for C6,
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the intensity of Fe 2p spectra decreases after longer sputtering time. Combining the results
shown in Figs. 6.16a and Fig. 6.15b it can be concluded that the iron clusters are embedded
inside the SEI layers, covering the graphite electrode surface. Precipitated iron partially blocks
the graphene layers leading to inaccessibility of graphite particles.

(a)

C1s

(b)

(c)

Intensity (ARB)

240s

180s
120s
60s

0s
295

290

285

280 295

290

285

280 295
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Binding Energy / eV

Fig. 6.16. The evolution of the C1s spectra of the dismantled graphite electrodes cycled at 20 oC (a), 40
o

C (b) and 60oC (c) at 0.1C as a function of the indicated sputtering time.

6.2.2.6 XPS analysis of SEI
The thickness of the SEI is also investigated by XPS. Figs. 6.16a-c show the evolution of
the C1s spectra of the graphite electrodes dismantled from the batteries after 300 cycles at 20,
40 and 60oC, respectively, as a function of the indicated sputtering time. For clarity reasons,
only the C1s spectra at t = 60 s are fitted with respect to the peaks of C6 and the various SEI
components. The C1s peak of C6 is located at 284.3-284.5 eV [45, 46]. Peaks located at higher
binding energies are assigned to various components of the SEI layers. For example, the peak
at 286.5 eV can be assigned to

(CH2CH2O)n , that at 287.6 eV is corresponding to CH3OLi,

and the peak at 291 eV has been attributed to Li2CO3 or R-CH2OCO2Li [47].
The graphite signal cannot be detected on the electrode surface at t = 0 s at all temperatures,
indicating that the graphite electrode surface is covered by SEI layers. After longer sputtering
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time the C6 signal becomes more and more significant when the bare graphite surface has been
reached. Interestingly, it is found that the intensity of C1s spectra of C6 (indicated by the arrows)
at a sputtering time of 60 s decreases as a function of temperature. The intensity of the graphite
C1s spectra at 20oC is quite high, as indicated in Fig. 6.16a. It becomes less significant at 40oC
and becomes weak at 60oC as shown in Figs. 6.16b and c, respectively. It can be concluded that
the thickness of SEI layers on the graphite electrode increases as a function of temperature.
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(a)C1s

(c)
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(d)

320s
240s
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60s
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300
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Fig. 6.17. The evolution of the C1s spectra of the dismantled graphite electrodes cycled at 60 oC at 0.1C
(a), 0.5C (b), 1C (c) and 2C (d) at the same cycling time (t

3000 h) as a function of the indicated

sputtering time.

Fig. 6.17 shows the influence of the cycling current on the thickness of the SEI layers. The
graphite electrodes dismantled from the batteries have been cycled for the same time. It is
known from the discussions in the previous sections that the irreversible capacity losses at high
currents are larger than at low currents. However, it can be concluded from Fig. 6.17 that the
thickness of the SEI layers is very similar at various cycling currents, indicating a time
dependence and cycle number independence of the SEI thickness. This results will be explained
in detail in the discussion section of this chapter.
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6.2.3 Cycling cylindrical batteries in various SoC ranges
Figs. 6.18a-c show an example of the cycling voltage curves in various indicated cycling
windows at 60oC. The various SoC ranges are controlled by the corresponding cut-off voltages.
The capacities released in various cycling windows vary as a function of cycle number. The
decline of the cycling capacities is attributed to the increase of the battery impedance since the
SoC is quite sensitive to the electrode potential in the flat voltage regions. Figs. 6.18d-f show
the development of the corresponding EMF curves as a function of cycle number. An obvious
decline of the maximum capacities can be observed at all cycling windows. However, the
decline at higher SoC range is faster than at lower SoC.
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Fig. 6.18. Cycling voltage curves in various SoC-windows: (a) 70-100%, (b) 35-65%, (c) 0-30% at 60oC.
(d)-(f) illustrate the corresponding EMF curves as a function of cycle number.

The maximum capacities

at various SoC-windows and temperatures are obtained

from the corresponding EMF curves. Fig. 6.19 shows the development of
function of cycle number. It is evident that

/

40oC. Apart from the temperature dependence,
depended on the SoC-windows.
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as a

declines faster at 60oC than at 20 and
/

is also found to be strongly

declines faster at higher SoC (red curves in Fig.
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/

6.19).

deceases fastest when cycling in the full SoC range (light blue curves),

indicating that the wider SoC-windows leads to faster capacity decay.
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Et / Wh
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Battery capacity losses are often plotted as a function of cycle number or cycling time (Fig.
6.19). However, from an application point of view, the energy-throughout (
also highly relevant.

) upon aging is

has been defined as the accumulation of energies extracted from the

batteries during the entire cycling period. The energy-throughput is essential for practical
battery applications.
The battery capacity decline as a function of

at various cycling windows and

temperatures are shown in Fig. 6.20. Again, the elevated temperature is a leading factor in
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/

accelerating the capacity decay.

decreases faster at high SoC-windows, in line with

the trend observed in Fig. 6.19. However, the decrease rate of

/

at full cycling SoC-

window at various temperatures in Fig. 6.20 deviates from the trend visible in Fig. 6.19. The
is found to be minor at 20oC (Fig. 6.20a), but

/

influence of cycling windows on

becomes pronounced at elevated temperatures (Figs. 6.20b and c). From Figs. 6.20b and c it
/

follows that the decrease rate of

for SoC = 0-100% is smaller than cycling in the

range of SoC = 70-100% at 40oC (Fig. 6.20b) and is small compared to other partial cycling
SoC-windows at 60oC (Fig. 6.20c).
6.2.3.1 Irreversible capacity losses (

)

The irreversible capacity losses Δ

have been calculated according to Eq. 4.4 on the basis

shown in Fig. 6.19. The development of Δ

of maximum capacities

as a function of

cycle number under various cycling windows at 20, 40 and 60oC is shown in Fig. 6.21. Δ
obtained in the high SoC-window is larger than that in the low SoC-window. The influence of
temperature on Δ

is more pronounced than the influence of the SoC-windows. The

irreversible capacity losses at 60oC are significantly accelerated indicating that severe decay
occurs at elevated temperatures.
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Fig. 6.21. The irreversible capacity loss Δ
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in various cycling windows (0-30%, 35-65% and 70-100%)

at 20oC (a), 40oC (b) and 60oC (c) as a function of cycle number.

6.2.3.2

/

analyses

Fig. 6.22 shows the

/

curves obtained from the corresponding EMF curves.

Different curves are corresponding to the various indicated cycle numbers. In order to
discriminate the changes in width of Region I and II, all curves are aligned with respect to the
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first peak at about 0.8 Ah. The cycling-induced changes in width of region I and II are indicated
by red arrows. Figs. 6.22c-i clearly show that Region I decreases as a function of SoC and
temperature. The reduction of region I has been related to Li+ immobilization in the SEI layer
[3]. Strikingly, region I increases during the initial stages of cycling between SoC = 0-30% at
20 and 40oC, as indicated in Figs. 6.22a and b, respectively. This phenomenon was also
observed in the storage experiments at 20oC, SoC = 10% reported before [3] (see also Chapter
5).
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Fig. 6.22. The development of the dV

0

0

1
2
Qout / Ah

1
2
Qout / Ah

/dQ curves obtained from the discharge EMF curves after

cycling at various temperatures and SoC. The different stages, characteristic for the graphite electrode,
are indicated by I, II and III. The evolutions of region I and II are indicated by red arrows.

The blue vertical lines indicate the position of the first and second peaks at cycle number is
0. A red sloping line connected the second peak of various

/

curves in each figure is

added to make the changing of Region II more visible. The decrease of Region II is clearly
observed in Figs. 6.22a-c, f and i, which correspond to SoC window 0-30% at all temperatures
and at 60oC at all cycling windows.
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1000
Cycle number

(d-f) and Δ

,
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(g-i) as a function of cycle numbers at

,

various SoC (0-30%, 35-65%, 70-100%) and temperatures (20, 40 and 60oC).

The capacity losses of the individual regions, denoted by Δ
obtained from the

/

,

,Δ

,

and Δ

,

, are

curves under all cycling conditions. The specific values are

summarized in Fig. 6.23 as a function of cycle number for the various investigated temperatures
and SoC-windows. It is found that Δ
temperature dependence of Δ

,

as shown in Figs. 6.23a and b, Δ

,

is larger in the high SoC-windows. A strong

is also observed as can be seen in Figs. 6.23a-c. Strikingly,
,

decreases to even negative values during cycling at 0-30%

at 20 and 40oC. From Figs. 6.23d-e it can be seen that Δ

,

is hardly affected during cycling

at 35-65% and 70-100% at both 20 and 40oC but is much more significant at SoC = 0-30% for
all temperatures. Fig. 6.23f shows the development of Δ

,

as a function of cycle number at

various SoC-windows and 60oC. It can be seen from Fig. 6.23f that Δ

,

becomes

considerable at all SoC-windows but is more significant at 0-30%. The development of Δ
is very similar to that of Δ
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6.2.3.3 Quantitatively determination of graphite capacity decay (

)

As described in chapter 4.5, the graphite degradation can be quantified on the basis of Δ

,

0.25 . Fig. 6.24 shows the

(Figs. 6.23d-f), according to Eq. 4.20 assuming that

development of the graphite capacity decay under various cycling conditions as a function of
cycle number. Obviously, the development of Δ

is in line with the trend of Δ

,

shown in

Figs. 6.23d-f. It can be concluded that the graphite electrode decay is more significant at lower
SoC (0-30%) and becomes substantial at elevated temperatures.
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under various cycling windows at 20oC, (a), 40oC (b) and 60oC (c)

as a function of cycle number.

6.2.3.4 Raman analysis
Fig. 6.25 shows the Raman mapping plots, revealing the ratio of the

/

Raman

reflections [33] of the graphite electrodes after cycling at various temperatures and cycling
ranges. The Raman map of an uncycled electrode is shown in Fig. 6.13a. In line with Fig. 6.13,
the low values of the

/

ratio represented by the dark blue color indicate a better crystalline

structure of graphite. It can be seen that the dark blue areas clearly decrease at lower SoC,
indicating increased graphite disorder. This becomes even more pronounced at higher
temperatures. The orange- and red-colored spots indicate that more inhomogeneity is induced
in the graphite electrode upon cycling, especially at higher temperatures. Based on the results
from Fig. 6.25 we can conclude that both the SoC window and temperature have a significant
influence on the graphite electrode degradation.
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Fig. 6.25. Surface Raman maps of the

/

ratio of a 40

40

graphite electrode area after

cycling at 20oC in SoC-windows of 70-100% (a), 0-30% (b) and at 60oC in SoC-windows of 70-100%
(c), 0-30% (d).

6.2.3.5 XPS analysis
In order to investigate the influence of the SoC-window and the temperature on the SEI
growth, the C1s spectra of the dismantled graphite electrodes cycled at various SoC-windows
and temperatures have been analyzed as a function of sputtering time. Fig. 6.26 illustrates the
influence of the SoC-windows on the growth of the SEI layers at 40oC. No graphite signal was
detected on the electrode surface at t = 0 s, indicating the existence of SEI layers. The graphite
signal appears after sputtering 20 s on the graphite electrode cycled at 0-30% (Fig. 6.26a). The
location of the graphite peak is indicated by the blue arrow. The C1s spectra with the same
intensity of the graphite signal at various cycling SoC-windows are plotted in red (Figs. 6.26ac). It can be seen that to obtain the same intensity of the graphite peak, the sputtering time is t
= 40 s in Fig. 6.26a, 60 s in Fig. 6.26b and 80 s in Fig. 6.26c. The increase of the sputtering
time indicates that the SEI layers grow faster at high SoC-window (70-100%). It can be
concluded that the evolution of the SEI layers in the various cycling SoC-windows is in line
with the increasing trend of the irreversible capacity losses observed in Fig. 6.24.
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Fig. 6.26. The evolution of the C1s spectra of dismantled graphite electrodes cycled at 40oC in SoCwindows of 0-30% (a), 35-65% (b) and 70-100% (c) as a function of indicated sputtering time. The blue
arrows indicate the signal of graphite.
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Fig. 6.27. The evolution of the C1s spectra of the dismantled graphite electrodes cycled at SoC = 70100% and 20oC (a), 40oC (b) and 60oC (c) as a function of the indicated sputtering time. The blue arrows
indicate the signal of graphite.
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Fig. 6.27 shows the C1s spectra of the graphite electrode cycled at SoC = 70-100% at
various temperatures as a function of the indicated sputtering time. Again, no graphite signal
was detected on the electrode surface at t = 0, indicating the presence of SEI layers. The graphite
signal appears at t = 20 s (blue arrow) when the electrode was cycled at 20oC (Fig. 6.27a). The
C1s spectra for the electrode cycled at 40 and 60oC with the same intensity of the graphite peak
as at t = 20 s in Fig. 6.27a has been plotted by the red curve in Figs. 6.27b (t = 60 s) and
c (t = 120 s). The significant time increase shows that the thickness of the SEI layers increases
with temperature. The dependence of the SEI layers on the cycling SoC-windows and
temperatures as concluded from Fig. 6.26 and 6.27 are in line with the development of the
irreversible capacity losses shown in Fig. 6.24.

6.3 Discussion
6.3.1 SEI formation model
The SEI formation onto the graphite electrode is generally considered to be the origin of the
irreversible capacity losses in LFP batteries [48]. The SEI formation during storage at various
temperatures has been systematically discussed in Chapter 5. The details of the SEI formation
under cycling conditions will be discussed here. Various results show that iron dissolution at
elevated temperatures from the cathode and the subsequent precipitation on the anode plays a
significant role in the SEI formation [3]. Figs. 6.28a and b illustrate battery degradation models
for the low- and high-temperature situation, accordingly.
Fig. 6.28a shows the low-temperature case where the SEI formation is considered to be the
only process responsible for aging. Dense and stable SEI layers play an important role in
protecting the layered structure of the graphite electrodes, preventing solvent co-intercalation
and, consequently, improving the cycle life performance of Li-ion batteries. It has been argued
that the continuous growth of the SEI layers is controlled by the electron tunneling process
across the inner SEI layer [49]. The tunneling current is proportional to the surface area of the
graphite electrode [1, 2].
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Fig. 6.28. SEI formation model under cycling conditions at low (a) and at elevated temperatures (b). Li

It is well-known that the surface area of the graphite electrode is changing during cycling
due to the volume expansion and/or fracturing of the electrode materials. The total surface area
of the graphite electrode can therefore be divided into two parts [1]: the SEI-covered surface
and the freshly formed surface area
schematically indicated in Fig. 6.28a.

induced by the cracking process, as

is assumed to be uniformly covered by the SEI

layers and is considered constant during cycling.

, on the other hand, is generated by SEI

cracking due to the graphite volume expansion and/or particle fracturing during cycling. The
electron tunneling probability is strongly determined by the thickness of the inner SEI layer.
The SEI formation on

is slow [1, 2] as the thickness of inner SEI layer has already been

well developed. The SEI formation on

, on the other hand, is much faster as the fresh

electrode surface area is directly exposed to solvent molecules and the SEI layers will quickly
be formed on the uncovered graphite electrode surface.
The continuous growth of the SEI layers at
by

. The SEI layers formed at

lead to capacity losses, which are denoted

during charging and the peeling off during the
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cr
subsequent discharging lead to capacity losses, denoted by QSEI
[1]. The total irreversible

capacity loss Qir can then be written as the summation of these two components
cov
cr
Qir  QSEI
 QSEI
.
cov
QSEI
is determined by

, the total aging time (

[6.1]

and the electrode potential [1]. If the

cov
battery is in the equilibrium state at current = 0, then QSEI
obviously corresponds to calendar

ageing losses ( Qirca ). These values have been extracted from the present experiments by
extrapolating the total irreversible capacity loss to the zero current, as shown in Figs. 6.6a and
6.7a-c. Qirca is found to increase logarithmically in time (see e.g. Figs. 6.7a-c), which is in line
with the mathematical model proposed before [2] (see also Chapter 7).
cr
QSEI
represents the accumulated capacity losses due to the SEI-formation on fresh surfaces

induced by cycling. As the volume changes in each cycle can be considered constant under the
permanent cycling conditions, the surface area generated by these cracks can be considered
constant in each cycle. Furthermore, when the duration of each cycle is also approximately
cr
constant for a fixed (dis)charge current, QSEI
can be represented by
cr
QSEI
 n ,

where

is the capacity loss per cycle and

[6.2]

cr
has been extracted from
is the cycle number. QSEI

the cycling experiments shown in Figs. 6.7d-f and was indeed found to increase linearly with
cycle number in accordance with Eq. 6.2.
The total irreversible capacity loss is, in principle, proportional to the total thickness of the
SEI layers. However, the graphite electrodes used for the determination of the SEI thickness
have been rinsed before carrying out the XPS analysis. The detached SEI layers (

) may be

partly removed after rinsing. Therefore the thickness of the SEI layer determined by the XPS
analysis might be attributed to

. As discussed above,

is only time dependent (if the

overpotential is negligible). The SEI thickness shown in Fig. 6.17 at various currents is very
similar as the cycling time is the same.
In general, elevated temperatures accelerate the kinetics of all battery processes, including
the charge-transfer kinetics and transport-related processes. The SEI formation rate at higher
temperatures is, therefore, also expected to be larger than that at lower temperatures. Apart from
the SEI formation processes discussed in Fig. 6.28a, other degradation processes may be
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involved during cycling at elevated temperatures. Fig. 6.28b schematically shows these
processes, which will be discussed below.
It has been reported that under high-temperature conditions iron ions dissolve from the
LiFePO4 cathode into the electrolyte by a chemical exchange reaction with residual H+ in the
electrolyte [34]. Subsequently, these metal ions diffuse/migrate to the anode where they are
electrochemically reduced into metallic iron. The precipitation of these iron ions has several
disadvantages with regard to the battery performance:
(i)

Reduction of these ions will consume part of the cyclable electrons leading to
irreversible capacity losses.

(ii)

The metal clusters can accelerate the SEI formation by facilitating electronic
transport (see Fig. 6.28b).

(iii)

Iron can block the graphene layers, leading to partial inaccessibility of the graphite
electrode for Li intercalation (see Fig. 6.28b).

Δ

is, therefore, expected to be larger at elevated temperatures, according to mechanism

(i) and (ii). Fig. 6.16 shows that this is the case, as the SEI layers are thicker at elevated
temperatures, according to the XPS analyses. The inaccessibility of the graphite electrode
related to mechanism (iii) has been quantified in Section 6.2.2.3.

6.3.2 Evolution of the individual graphite electrode plateaus
When the cyclable Li ions are immobilized in the SEI layers, the host sites are in principle
still available inside the graphite electrode. Therefore the reduction of region I (Δ

,

) must be

attributed to the Li-immobilization process. When the graphite electrode deteriorates, all
plateaus reduce proportionally and can no longer accommodate the same amount of Li-ions as
before. The Li-ions which were initially located at the plateau II and III sites can, however, shift
to the plateau I sites, as the graphite electrode storage capacity is designed to be significantly
larger than that of the cathode. Δ

,

is therefore a consequence of cyclable Li-losses (Δ

and the graphite electrode capacity decay (Δ

). Δ

)

is a summation of the decrease of all

three plateaus, i.e.
 Qir   Q Li,I   Q Li,II   Q Li,III ,

[6.3]

Eliminating  Q Li,III in Eq. 6.3 by using Eqs. 4.20 and 4.21,  Q Li,I can be represented by
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x 
 Q Li,I   Qir   1  III   Q Li,II ,
x II 


[6.4]

From Eq. 6.4 several cases can now be distinguished, which are related to different aging
mechanisms:
(i) Plateau II is constant
This refers to cases that Δ

0 (Figs. 6.9a and b and Figs. 6.22d, e, g and h), indicating

,

that no graphite electrode decay takes place upon cycling (Eq. 4.20). However, Δ
Δ

) is significant in these cases. The decrease of Δ

,

,

(=

can be attributed to the Li-

immobilization process, trapping Li ions irreversible inside the SEI layer at the graphite
electrode surface [48].
(ii) Plateau II decreases
This refers to cases that Δ

,

0. Referring to Eq. 6.4, three distinct cases can

additionally be distinguished:


x 

a. When  Q ir   1  III   Q Li,II , then Δ
x II 


,

0 and plateau I is expected to decrease, as

experimentally found in Figs. 6.9c and d and Figs. 6.22c, f and i.


b. When  Q ir   1 


x III 
  Q Li,II , then Δ
x II 

,

0 and plateau I is expected to increase as

found in Figs. 6.22a and b. The increase of plateau I will finally lead to Li plating on the
graphite electrode surface when the graphite electrode becomes the capacity limiting
electrode in LFP batteries.


x 

c. When  Q ir   1  III   Q Li,II , plateau I remains constant ( Δ
x II 


,

0 ). Only the

decrease of plateau II and III can be observed.

6.3.3 Influence of graphite degradation on battery capacity loss
Figs. 6.29a-c show the development of

and the calculated values for

as a function

of cycle number obtained at various cycling currents (0.1, 0.5, 1.0 and 2.0 C-rate) and
temperatures (20, 40 and 60oC). The development found for

for the high current (2C)

cases are schematically indicated by the shaded areas. The development of Δ
2C at various temperatures are summarized in Figs. 6.29d-f. It is found that both Δ
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and Δ
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are small at 20oC but become much more significant at 60oC. The graphite electrode degradation
rate is always higher under these cycling conditions. It can be seen in Fig. 6.29c that
the initial battery storage capacity (

) after about 1000 cycles but as

crosses

is still lower than

the graphite electrode this has no influence on the battery performance. However, on the basis
of the present results it is to be expected that

and

will cross with each other after long-

term cycling. In that case it is predicted that a second slope will occur in the cycle life plots,
which is often seen in the cycle life characteristics of Li-ion batteries.
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Fig. 6.29. Maximum capacity of LFP batteries and graphite electrode capacity as a function of cycle
number under various current loading conditions (0.1, 0.5, 1.0, 2.0 C-rate) at 20 oC (a), 40 oC (b) and
60oC (c). The shaded areas indicate the irreversible capacity loss of the battery (Δ
loss of graphite electrode (Δ

), accordingly. (d-f) show the development of Δ

) and the capacity
and Δ

at 2C-rate

at 20, 40 and 60oC, respectively.
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6.4 Conclusions
In this chapter, two types of commercial C6/LiFePO4 batteries have been investigated,
including prismatic 50 Ah batteries and cylindrical 2.3Ah batteries. The prismatic battery has
been cycled at low C-rate only. The capacity losses induced by cycling have been compared
with the corresponding storage conditions. A faster capacity decay is found during cycling than
during storage.
The cylindrical batteries have been investigated in more detail at various temperatures (20,
40 and 60oC), cycling currents (0.1 C, 0.5 C, 1 C and 2 C) and cycling SoC-windows (0-30%,
35-65% and 70-100%). The maximum capacities have been calculated on the basis of EMF
curves, which have been regularly determined during cycling. The irreversible capacity losses
Δ

are accurately calculated on the basis of these maximum storage capacities.
It is concluded that the origin of Δ

during cycling is mainly attributed to the Li-ion

immobilization in the SEI layers formed on the graphite surface. In addition, the reduction of
metal ions at the graphite electrode accelerates this process. Δ

increases as a function of both

cycle number and time. The individual contributions of the cycle number and time have been
discriminated by a newly proposed mathematical extrapolation method. The capacity losses
induced by calendar aging ( Δ
extrapolation Δ

) at the equilibrium state have been determined by

to zero current. Δ

is found to increase logarithmically with time. The

capacity losses related to crack formation (
been obtained by extrapolation from Δ
with cycle number. Both Δ

and

), induced by electrode volume changes, have

to zero time. The growth of

are temperature dependent. The total irreversible

capacity loss during cycling is a summation of
of Δ

is found to be linear

and

.

can be obtained on the basis

by considering the influence of overpotentials developed at the various cycling currents.

The thickness of the SEI layers has been investigated by XPS analyses. It has been
concluded that the SEI thickness determined by XPS is mainly related to the SEI formation on
the SEI covered surface areas (

). Therefore the SEI thickness is very similar at various

cycling currents when the cycling time is kept the same. Both temperature and cycling range
can influence the SEI thickness. It is found that the SEI layers are thicker at higher temperatures
and higher SoC windows.
In order to facilitate the understanding of the aging mechanisms, the

/

obtained on the basis of the corresponding EMF curves. The depressions in the

curves are
/

curves are related to the three plateau regions in the graphite electrode. The changes of the
second plateau on the
152

/

curves (Δ

,

) are found to be an indicator of the graphite
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degradation. The inaccessibility of graphite electrode has been quantitatively calculated on the
basis of Δ

,

. Temperature, current and the cycling SoC-ranges are found to have an influence

on the inaccessibility of the graphite electrode. The graphite electrode capacity loss (Δ

) is

found to be minor at low temperatures but becomes significant at elevated temperatures when
the batteries are cycled in the full SoC-range. However, Δ

becomes significant when battery

is cycled at low SoC-windows even at low temperatures. Furthermore, Δ

is found more

pronounced at high currents than at low currents.
Generally, the graphite electrode capacity decreases faster than battery capacity, especially
at higher temperatures. The second slope on the battery capacity degradation can be related to
the case that the graphite electrode becomes the capacity-limited electrode. Graphite
degradation is concluded to be a consequence of graphite structural deterioration as well as
metal deposition on the anode, which have been confirmed by Raman and XPS analyses,
respectively. Results from Raman analyses are in line with the results quantified from the
/

curves. The cathode dissolution which is mainly temperature related is also

confirmed by the Fe analyses on the graphite electrode by XPS.
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Chapter 7
Degradation Mechanisms of LFP Batteries:
Modeling Calendar and Cycling-induced Aging
An advanced model is proposed, describing the capacity losses of C6/LiFePO4 batteries under
various storage and cycling conditions. At moderate temperatures the capacity losses are mainly
attributed to Li immobilization in Solid Electrolyte Interface (SEI) layers at the surface of graphite
particles in the negative electrode. The SEI formation model assumes the existence of an inner and
outer SEI layer. Electron tunneling through the inner SEI layer is considered to be the ratedetermining step. The inner SEI layer grows much slower than the outer SEI layer. At elevated
temperatures, iron dissolution from the cathode and subsequent metal deposition on the anode
surface will influence the capacity losses. The SEI formation on the metal-covered surface is faster
than the conventional SEI formation. The model predicts that capacity losses during cycling are
higher than that during storage. This is caused by the generation of cracks in the SEI layers induced
by the volumetric changes during (dis)charging. These cracks generated at the graphite surface will
expose free graphite areas to the electrolyte and facilitate new SEI formation. The model has been
validated by storage and cycling experiments. The simulation results show that the capacity loss
during storage depends on the State-of-Charge (SoC), the storage time, and temperature. The
capacity losses during cycling depend on the cycling currents, the cycling time, temperature and
cycle number. The simulations are in good agreement with all experimental results.
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7.1 Introduction
Capacity degradation has become an important topic of research since batteries are widely
applied in portable electronic devices, electric vehicles and smart grid energy storage, etc. Long
calendar and cycle life are critical for Li-ion batteries in these applications [1, 2]. Understanding
the aging mechanisms is essential for improving the life-span of Li-ion batteries.
The SEI formation and electrode material degradation are considered to be the main issues
in battery aging. It has been unraveled that the SEI formation on the anode is a major process
causing battery capacity losses [3, 4]. Considerable efforts have been made to study the
structural and chemical composition of SEI layers [5-18]. It has been found that the SEI plays
a dual-role in the performance of Li-ion batteries. On the one hand, it protects the negative
electrode from solvent co-intercalation, preventing exfoliation of the graphene layers. On the
other hand, it consumes cyclable lithium inside the battery, which is therefore no longer
available for the energy storage processes and hence leads to irreversible capacity losses.
Experimental studies demonstrate that the SEI consists of a compact inner SEI layer and a more
porous outer SEI layer [6, 7, 9]. The inner SEI-layer is dense and prevents the surface of the
graphite electrode from direct contact with the electrolyte, thereby preventing solvent cointercalation inside the graphite electrode. At the same time, the inner SEI layer is highly
conductive for unsolvated Li+ ions. The outer SEI layer is highly porous, easily allowing
solvated Li+ ions to pass through.
Despite the fact that a lot of studies were made to investigate the SEI by experimental
methods, the understanding of the SEI formation process is still limited due to the complexity
of the SEI formation reaction, which was found to be highly dependent on the composition of
the electrolyte, the electrode voltage and electrode surface morphology. Modeling is an efficient
way to investigate the SEI formation process, however, only a few studies are related to the SEI
growth mechanism, which are still under discussion [19-30]. Some researchers assumed the
electron diffusion process to be rate determining [22-24] while others considered solvent
diffusion through the SEI layer to be rate limiting [27-30].
Apart from the SEI formation, cathode dissolution at elevated temperatures is believed to
be another important process during battery aging [31-36]. The dissolved transition metal ions
can be transported to the anode and subsequently deposited on the graphite surface [32, 33].
Both the metal dissolution and the subsequent reduction can directly lead to a decrease of the
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battery capacity [33]. Furthermore, the metal clusters on the graphite electrode surface can
accelerate the SEI formation by facilitating the electron transport [31-33].
Based on the experimental results, discussed in Chapters 5 and 6, an advanced electrontunneling-based SEI formation model and temperature-dependent cathode dissolution model
are proposed in this chapter. The models have been validated by the experimental data. Good
agreement between the simulated and experimental results are found.

7.2 Model development
Cyclable Li+ ions and electrons are originally stored in the LiFePO electrode in
C /LiFePO batteries after manufacturing. The maximum battery capacity (
equals to the total amount of cyclable Li+ ions in the cathode materials (
0
0
.
Qmax
 QLiFePO
4

) therefore
),
[7.1]

During charging (ch) electrons are extracted from the LiFePO electrode and flow into
graphite electrode via the outer circuit. In the meanwhile, Li+ ions are transported from the
LiFePO electrode via the electrolyte to the graphite electrode to safeguard the system electroneutrality. The reverse reactions take place during discharging (d). The main electrochemical
storage reactions in this type of battery can be represented by [22]
ch

 LiC 6 ,
C 6  Li +  e  

d
ch

 FePO 4  Li +  e  .
LiFePO 4 

d

[7.2]
[7.3]

Electrons extracted from the cathode can be partially consumed by many processes such as
parasitic side reactions taking place at the graphite electrode during cycling and storage, leading
to irreversible capacity losses. The detailed mechanisms of battery capacity losses during
cycling and storage will be discussed in the following sections.

7.2.1 Aging mechanisms of LFP batteries
7.2.1.1 SEI formation
The formation mechanisms and composition of SEI layers have been widely investigated
by many researchers. Although there are still some debates, it has been generally accepted that
the SEI layers are composed of inorganic and organic salts. These components constitute the
159

Chapter 7 Degradation mechanisms of LFP batteries: modeling calendar and cycling-induced aging

dense inner layer and porous outer layer, respectively, as schematically represented in Fig. 7.1.
The inner SEI layer is considered to be an insulator for electrons. It also prevents solvents from
passing through and co-intercalating into the graphene layers. Solvent reduction is therefore
assumed to take place at the interface of the inner and outer SEI layer.
Electrons at the graphite electrode surface tunnel through the inner SEI layer to the Lowest
Unoccupied Molecular Orbital (LUMO) of the solvent. Modern literature reports several values
for the Fermi level of metallic Li and LiC6 [37-39]. In the present work we adopt the results
reported by Wertheim et al. [39], namely -2.36 eV for Li and -2.80 eV for LiC6 vs vacuum. The
LUMO of ethylene carbonate (EC), one of the most important constituents in LFP battery
electrolytes, was reported to be -2.99 eV [40] in the presence of Li+ ions. This value is more
negative than the Fermi level of the lithiated graphite electrode and, consequently, EC will be
reduced, assuming that electrons can cross the energy barrier by tunneling.
The SEI formation is initiated when the voltage of the graphite electrode drops below
approximately 1.0 V vs Li+/Li [9, 12, 13, 15, 24]. The SEI is formed during the activation
procedure after the battery manufacturing process has been completed. The quality of the SEI
formed in this period determines the battery cycling performance in their forthcoming usage.
An ideal SEI layer formed during the activation procedure can dramatically decrease the new
SEI formation rate and, therefore, maintain a high battery coulombic efficiency. However, the
SEI layers normally continues to grow during battery usage, leading to continuous irreversible
capacity losses.
During (dis)charging, Li+ ions can easily pass both the inner and outer SEI layers. Solvent
molecules, present in the electrolyte, can also easily pass the porous outer SEI layer but cannot
penetrate the inner SEI layer [27, 30]. The inner SEI layer is a good insulator but electrons can
tunnel through it when its thickness is sufficiently small (< 3 nm). The tunneling process is
assumed to be the rate-determining step. The products of these reduction reactions increase the
thickness of both SEI layers but the individual formation rates might be significantly different
as will be shown below.
Fig. 7.1a schematically shows the SEI formation process in the case of storage. No current
flows through the outer circuit under open-circuit conditions, therefore no volume changes of
the graphite electrode occur during storage. When a battery is stored at a certain State-of-Charge
(SoC

0), electrons from the graphite electrode surface can freely tunnel through the inner

layer and reduce the solvent molecules at the inner/outer SEI interface. Obviously, this
reduction reaction should be counter-balanced under open-circuit conditions by an oxidation
reaction as no external current is flowing. Oxidation of Lithium stored inside the graphite
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electrode will simultaneously take place at the graphite/inner SEI layer interface, resulting in
Li+ ion diffusion through the inner SEI layer. This electron tunneling process combined with
Li+ ion leaving the electrode ultimately results in irreversible capacity loss even under opencircuit conditions. The SEI formation during storage of LFP batteries is considered to be the
main cause of irreversible capacity loss.

Fig. 7.1. Schematic representation of SEI formation on the graphite electrode inside a C6/LiFePO4
battery under conditions of storage (a) and upon cycling (b). (c) The influence of elevated temperatures
on aging processes inside LFP batteries. Li

When a charging current (

) is applied to the battery, this current is used to drive two

electrochemical processes at the graphite electrode, namely the main electrochemical storage
reaction (Eq. 7.2) and the solvent reduction reactions, according to
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I ch  I ct  I ir ,
where

[7.4]

corresponds to the charge transfer current used to facilitate Li+ ion intercalation into

the graphite electrode and

represents the current related to the Li immobilization process.

Obviously, the major part of the current is used to drive the main electrochemical storage
reaction. The fraction of

with respect to the total charging current

is defined as the

charging efficiency (CE) [22],
CE 

I ct
 100% .
I ch

[7.5]

The charging efficiency is approximately equal to the coulombic efficiency when the capacity
loss is negligible during discharging.
Fig. 7.1b schematically shows the SEI formation process in case of cycling. It is well known
that the volumetric expansion/shrinkage of graphite electrodes during (dis)charging can
significantly influence the SEI formation process [22, 41-43]. Due to the mechanical stress,
resulting from these volumetric changes, cracks are formed in the SEI layer, inducing the
formation of uncovered graphite (

). As a result, the solvent is directly brought in contact

with pristine graphite and will immediately be reduced, leading to new SEI products. Therefore,
these volumetric changes have a considerable influence on the increased capacity losses upon
cycling.
7.2.1.2 Cathode dissolution
At elevated temperatures other degradation processes can take place, such as cathode
dissolution, electrolyte degradation, graphite deformation, etc. Among these processes, cathode
dissolution has the most significant impact.
Transition metal ions are believed to be exchanged by protons in the electrolyte [35].
Protons originate from the water contamination, according to
elevated T
Li +  PF6 

 LiF + PF5 ,

[7.6]

PF5  H 2 O 
 2H   2F   POF3 .

[7.7]

It can be concluded from Eqs. 7.6 and 7.7 that the temperature and water content are essential
conditions to produce protons in the electrolyte.
Fig. 7.1c schematically shows the cathode dissolution process and the subsequent influence
on the SEI formation. Fe2+ ions are assumed to be dissolved from the cathode by proton
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exchange with the electrolyte (see section 7.2.3.1). These Fe2+ ions are then subsequently
transported to the anode and reduced at the graphite surface (see section 7.2.3.2). XPS analyses
have confirmed that the deposited metal clusters are embedded inside the SEI layers [32, 44].
These metal particles strongly accelerate the SEI formation since electron transport will be
highly facilitated. Therefore, more severe capacity degradation may be expected at the elevated
temperatures.

7.2.2 SEI formation model
7.2.2.1 Electron tunneling
When electron tunneling is considered to be rate limiting, as discussed in Ref [22, 23], the
tunneling current  I tl  is proportional to the number of electrons reaching the surface of the
graphite electrode per unit of time ( dN dt , [s-1]) and the probability ( , dimensionless) of
electrons to tunnel through the inner SEI layer. The electron tunneling current can then be
written as

I tl  P
where

dN
e,
dt

[7.8]

is the electron charge. In the present work, the electrical double layer (dis)charging

currents are excluded and the only focus is on the description of the faradic tunneling currents.

Fig. 7.2. One-dimensional rectangular barrier model for electron tunneling through the inner SEI layer.
Region I corresponds to the graphite electrode LixC6, region II is the inner SEI layer, region III
corresponds to the solvent side.
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A simple rectangular energy barrier model has been adopted to describe the electron
tunneling process (Fig. 7.2).

is the Fermi level of the LixC6 electrode,

level of free electrons and Δ
layer thickness,

represents the energy barrier,

is a reference energy level,

is the energy
is the SEI inner

is the LUMO of the solvents. The Fermi

level of the LixC6 electrode can be described by





E f  x   E f  LiC6   e  Li xC6   LiC6 ,
where
LixC6,

LiC

[7.9]

is the Fermi level of the fully charged LiC6,
LiC

the electrode potential of LiC6,

the electrode potential of

can be found from ref [45] and

can

be obtained from the EMF curve of the graphite electrode.
The tunneling probability
P

has been derived in Appendix II as Eq. A2.17, i.e.



  k1  k2  e
2

2

16k1k2 2 e 2 l
2 l in



in



 1    k1k2  e
2

2

2

2 l in



1

2

,

[7.10]

where
k1 

1
2m  E f  x   U I  ,


[7.11a]

k2 

1
2 m  E f  x   U III  ,


[7.11b]



1
2 m U II  E f  x   ,


[7.11c]

is the reduced Planck constant [J·s], and m is the electronic mass [g]. With some mild
assumptions (see the more detailed derivation in the Appendix II)

can be simplified to

 2l in 2mE 
P  P0 exp  
.




[7.12]

P0 is a pre-exponential coefficient, which is given by

P0 
and is determined by
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,

,

and

16k1k2 2

 2  k1  k2    2  k1k2 
2

2

,

, according to Eqs. 7.11a-c.

[7.13]
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The electron flux from the bulk of the graphite to the surface can be derived from refs. [46,
47], which leads to

 6  x  N A C6 ve
dN
e
Ae ,
dt
4 M C6
where 0

[7.14]

1, C denotes the graphite density [g·m-3], ve is the Fermi velocity of electrons
6

in the bulk of graphite [m·s-1],

the surface area of the graphite electrode available for electron

tunneling [m2], M C6 the molar mass of graphite [g·mol-1], N A the Avogadro number [mol-1],
multiplier 6 in the numerator of Eq. 7.14 corresponds to the amount of free electrons of each
graphite molecule and multiplier 4 in the denominator stems from the assumption that the
electronic velocity vector within the graphene layers can only proceed along one of the four
orthogonal directions with equal probabilities 1 / 4  .
Combining Eqs. 7.8, 7.12 and 7.14, the tunneling current Itl passing the inner SEI layer can
be represented by

I tl 

 6  x  N AC ve
6

4 M C6

 2l in 2mE 
AeP0 exp  
.




[7.15]

Since
,

[7.16]

Eq. 7.15 can be rewritten as

I tl 

 6  x  F C ve
6

4 M C6

 2l in 2mE 
AP0 exp  
.




[7.17]

The Li consumption by the SEI layer can then be expressed by
 2l in  t  2mE
dQSEI  t   6  x  F  C6 ve

AP0 exp  

dt
4 M C6


where


 ,


[7.18]

represents the amount of Li charge captured in both SEI layers from time

0

0. At

0,

up to time and

is the total thickness of the inner SEI layer at any time

corresponds to the thickness of initial inner SEI layer after the activation process in the
manufacturing process.

is an adjustable parameter dependent on the activation conditions
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and is of the order of ~2.0 nm [11, 13]. The total inner SEI layer thickness can then, at any
moment of time , be written as
l in  t   l0in  l in  t  ,

where Δ

[7.19]

is the increase of the inner layer thickness during storage. Using Eq. 7.19, Eq.

7.18 can be rearranged into
 2  l0in   l in  t   2 m  E
dQ SEI  t   6  x  F  C6 v e
AP0 exp  


dt

4 M C6



.



[7.20]

Assuming a homogeneous SEI layer thickness, the volume of the increased inner SEI layer

 V  t   can be represented by
in

V in  t   Al in  t  ,

[7.21]

in
and the corresponding mass  mSEI
 t   by
in
mSEI
 t    in Al in  t  ,

[7.22]

where  in is the (average) gravimetric density of the inner SEI layer. It is convenient for the
optimization process to be discussed later to consider the weight fraction of Li in the inner SEI
layers instead of the total mass of the inner layer. Denoting wLiin as the average weight fraction
of Li in the inner SEI layer, this leads to
wLiin 

 m Liin  t 
,
in
 m SEI
t 

[7.23]

Where  mLiin  t   represents the Li mass in the increased inner SEI layer. Eqs. 7.22 and 23 can
be rearranged to
l in  t  

in
mSEI
t  .
in
 AwLiin

[7.24]

The mass of consumed lithium is connected with the number of moles of consumed lithium

 n  t   , according to
in
Li

in
mSEI
 t   M Li nLiin  t  ,
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where

is the molar mass of Li. The molar amount of consumed Li is related to the amount

in
of Li consumed in the inner SEI layer QSEI
 t   by

nLiin 

in
QSEI
t  ,
F

[7.26]

Combining Eqs. 7.25 and 7.26, the following expression for the mass of consumed Li is
obtained
m
Replacing Δ

in
SEI

in
M LiQSEI
t  ,
t  
F

[7.27]

in Eq. 7.24 using Eq. 7.27, the inner SEI layer thickness can be expressed

by
l in  t  

in
M LiQSEI
t  ,
in
in
 AwLi F

[7.28]

and the amount of charge involved to form the inner SEI layer
in
QSEI
t  

 in AwLiin F l in  t 
M Li

.

[7.29]

can be defined as the fraction of the capacity loss related to the inner SEI layer with respect
to that of the total SEI layers

.

is dependent on the aging conditions. This leads to

in
QSEI
  QSEI  t  .

[7.30]

The increase of the inner SEI layer thickness as a function of time is then given by
l in  t  

M Li QSEI  t 
.
 in AwLiin F

[7.31]

Finally, the Li consumption rate to form the SEI layer satisfies the following Ordinary
Differential Equation (ODE)

  in M Li QSEI  t  
 2  l0 
 2mE
in
in

Aw
F
dQSEI  t   6  x  F C6 ve A
Li


P0 exp  


dt

4 M C6





.




[7.32]
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7.2.2.2 SEI formation during storage
In the case of storage the SEI formation rate can then be expressed by
st
  in M Li QSEI
 t   2mE 
l
2





0
in
in
st
 AC6 wLi F 
dQSEI
 t    6  x  F C6 ve AC6 P exp   

0

.
4 M C6

dt







[7.33]

is the amount of Li+ charge captured [C] in both SEI layers during storage from

where

0 up to . The State-of-Charge and Δ are more or less constant in case of storage, therefore,
Eq. 7.33 is now simple and can be solved analytically, leading to
st
QSEI
t  

  6  x   C ve M Li P0 2mE
 2l0in 2mE
6
ln  1 
t
exp


2 M C6  in wLiin 
2mE 


 in wLiin AC F
6

2 M Li


  . [7.34]


The complete derivation of Eq. 7.34 from Eq. 7.33 can be found in Appendix III. Considering
Eq. 7.34, the SEI formation current

st
I SEI


st
dQSEI
dt

during storage is given by

 2l0in 2mE 
in
in


6
x
F
v
w
A
P
exp



 C6 e Li C6 0  





.
in

2l0 2mE 
in in
4 M C6  wLi   2  6  x   C6 ve M Li P0 2mE exp  
t




[7.35]

7.2.2.3 SEI formation during cycling

In the case of cycling, cracks in the SEI layers will be periodically generated when the
volume of the graphite particles expands during charging. Therefore, the SEI formation will
continue on the SEI covered surface
at the freshly formed cracks (
that

), which leads to a capacity loss

been determined that
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and, will occur

. It is worthwhile to note

corresponds to the capacity loss in each cycle. The total capacity loss caused by the

SEI formation at cracks upon cycling (
graphite.

which leads to a capacity loss

0.93 and

) is a summation of
0.07 [48], where

at various cycles. It has
[m2] is the total area of the
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The SEI formation rate on

is defined by the general expression given by Eq. 7.32. To

simplify this equation a 50% State-of-Charge is assumed and Δ

Δ , which is an unknown

constant. The following expression can then be derived

cov
SEI

dQ

dt

 t    6  0.5 F C ve A

where

cov

6

4 M C6

cov
  in M Li QSEI
 t   2mE
2
l

 0

in cov in
 A wLi F 


P0 exp 







,




[7.36]

is the capacity loss due to the SEI formation at the covered surface. Similar to

the case of storage, the capacity loss can be calculated by integrating Eq. 7.36, which leads to
cov
QSEI
t  

  6  0.5  C ve M Li P0 2mE
 2l0in 2mE
 in wLiin Acov F
ln  1 
t
exp


2 M C  in wLiin 
2 M Li 2mE 

6

6


  . [7.37]


When SEI is formed on the fresh surface, the inner SEI layer develops from 0 to

at the

cycle. The SEI formation rate can be written as
fr
fr
dQSEI
 ti    6  0.5 F C6 ve A fr P exp   2 M Li QSEI
 ti  2mE

0
in fr in
dti
4 M C6
 A wLi F 


Note that time

in Eq. 7.38 refers to the duration of the

the same for each cycle, therefore


 .


[7.38]

cycle. This differential equation is

can be considered as a constant when

does not

change too much, i.e.
.

[7.39]

The total capacity loss caused by the SEI formation on cracks during the whole cycling process
can be written as
n

cr
fr
QSEI
 QSEI
i   n .

[7.40]

i 1

The development of
be seen that

and

develops from 0 to

upon cycling is schematically shown in Fig. 7.3. It can
in each cycle while

increases continuously as a

function of cycle number.
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Fig. 7.3. Schematic representation of the development of

(red) at each cycle and

(black)

integrated upon cycling.

7.2.3 Cathode dissolution model
7.2.3.1 Iron dissolution at the cathode
The iron ions dissolved from the cathode are assumed to be Fe2+. The dissolution of Fe2+
can be represented by the following protons exchange reaction
2H+



ke
 Fe2+
LiFePO4 

LiH2PO4.

[7.41]

The formed LiH PO can be further dissociated and dissolved into the electrolyte, according to


kd
 2H+
LiH2PO4 

where

and

respectively.

Li+

is expected to be much larger than

is the pre-exponential factor and

, therefore the exchange reaction is

is temperature dependent, according to

 Ee
ke  ke0 exp   a
 RT
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[7.42]

represent the rate constants of the exchange and dissociation reactions,

considered to be the rate-determining step.

where

PO43-,


,


is the activation energy [J·mol-1].

[7.43]
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It is worthwhile to note that in principle Eq. 7.42 can be a reversible reaction. However, in
present work the dissociation reaction is considered to be an irreversible process. This
assumption is reasonable when the total concentration of LiH2PO4 is very small. Combining
Eqs. 7.41 and 7.42, it can be concluded that the H+ ions are continuously regenerated by the
exchange and dissociation process. Consequently, the total concentration of H+ ions is not
influenced by the above processes,

[mol·m-3] can therefore be considered constant.

Cyclable Li+ ions are released into the electrolyte from the cathode material during these
dissolution and dissociation processes. The dissolution flux of Fe2+ from the cathode

,

[mol·s-1·m-2], is obtained from Eq. 7.41, according to
c
 2
J Fe
2   ALiFePO k e c + cLiFePO ,
H
4
4

[7.44]

is the surface area of the cathode [m2]. Assuming that

where

during cycling (storage), ke  ALiFePO4 ke can be combined to

is constant

rate constant. When furthermore

the activity of LiFePO4 is considered to be 1 ( cLiFePO4  1 ), Eq. 7.44 can be written as
c
2
J Fe
2  ke c + .
H

[7.45]

7.2.3.2 Iron reduction at the anode
Fe2+ ions will be transported to the graphite electrode and, subsequently, be deposited on
the graphite surface. The reduction reaction of Fe2+ ions can be represented by
Fe2+ + 2
where

Fe,

[7.46]

is the Fe2+ charge-transfer constant. To maintain charge neutrality of the graphite

electrode, two cyclable Li+ ions must be transported from the electrode to the electrolyte,
according to

2LiC6 
 2C6  2e   2Li + .

[7.47]

Fe2+ reduction at the graphite electrode is an electrochemical process which can in principle
be described by the Butler-Volmer equation. However, the standard redox potential of Fe2+/Fe
is approximately 2.6 V vs Li+/Li , which is much higher than the electrode potential of Li xC6 ,
indicating that the overpotential of the Fe2+ reduction reaction (Eq. 7.46) is very high.
Considering the low Fe2+ concentration, it can therefore be assumed that the reduction of Fe2+at
the graphite electrode is diffusion-controlled.
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c





a
Considering steady state  Fe  0  , the reduction flux of Fe2+ ions at the anode J Fe2
 t

2



must be equal to the dissolution flux given in Eq. 7.45
a
c
J Fe
 ke cH2 + .
2  J
Fe2 

The total molar amount of Fe reduced on graphite

[7.48]

can be obtained on the basis of Eq. 7.48,

according to
t

a
N Fe   J Fe
2  dt
0

 ke cH2 + t .

[7.49]

7.2.3.3 Cyclable Li loss caused by iron dissolution and reduction
Cyclable Li+ ions are simultaneously released into the electrolyte from the cathode material
during the iron dissolution, according to Eqs. 7.41 and 7.42. The flux of Li+ ions released at the
cathode is equal to the flux of Fe dissolution,
c
2
J Lic   J Fe
2  kec + .
H

[7.50]

During the reduction of Fe2+ ions at the anode, cyclable Li+ ions must be transported from
the electrode to the electrolyte in order to maintain charge neutrality of the graphite electrode.
It can be concluded from Eqs. 7.46 and 7.47 that after the reduction of each Fe2+ ion, two
cyclable Li+ ions will be released. Therefore, the flux of Li+ ions oxidized at the anode is twice
the flux of Fe reduction,
a
2
J Lia   2 J Fe
2   2ke c + .
H

[7.51]

The battery capacity loss caused by Fe dissolution and reduction can therefore be calculated by
QLi ,Fe  F   J Lia   J Lic  dt
t

0

 3Fke cH2 + t .

172

[7.52]

Chapter 7 Degradation mechanisms of LFP batteries: modeling calendar and cycling-induced aging

7.2.3.4 Fe-induced SEI formation
The iron clusters deposited on the graphite surface can accelerate the SEI formation by
facilitating electron transport. In order to make the discussion more general, the iron particles
deposited on the graphite surface are assumed to have a semi-spherical morphology. For the
purpose of simplification, the semi-spherical iron clusters are assumed to have the same size
with mean radius . The total volume of iron particles VFe [m3] can then be written as
2 Nr 3
VFe 
.
3
where

[7.53]

is a constant, representing the total numbers of the Fe clusters. The volume of the Fe

particles can be represented by

VFe 
where  Fe is the density of Fe [g·m-3] and

N Fe M Fe

 Fe

,

[7.54]

is the molar mass of Fe [g·mol-1].

can be

obtained by combining Eqs. 7.53 and 7.54
13

 3N M 
r   Fe Fe  .
 2 N  Fe 

[7.55]

The surface area available for enhanced SEI formation at Fe is

 3N M 
AFe  2 N  Fe Fe 
 2 N  Fe 
Considering Eq. 7.49, the dependence of

23

.

[7.56]

as a function of time can be represented by
23

 3kecH2 + M Fet 
AFe  2 N 
.
 2 N  
Fe 


[7.57]

Similar to the SEI formation on the graphite electrode, the SEI formation on Fe can also be
described by an electron tunneling model. The rate of the SEI formation on Fe surface can be
written as
0
in
 2  l Fe
 l Fe
 t   2m E
dQ SEI , Fe  t  F  Fe ue AFe

P0 exp  


dt
M Fe



,



[7.58]
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where Δ

is the thickness increase of the inner SEI layer on the Fe surface [m],

initial thickness of the inner SEI layer on Fe surface,

is the

is the Fermi velocity of electrons in

metallic Fe [m·s-1]. Assuming a homogeneous SEI layer thickness on the Fe particles and the
radius of Fe to be much larger than the total thickness of inner SEI layer (see Fig. 7.1c), Δ
can be represented, according to Eq. 7.31, by
in
l Fe


where

M Li QSEI , Fe  t 
,
 in AFe wLiin F

[7.59]

is the fraction of the capacity loss related to the inner SEI layer with respect to that of

the total SEI layers on the Fe surface. Substituting Δ

given by Eq. 7.59 in Eq. 7.58, this

leads to


 0 M Li QSEI ,Fe  t  
 2  lFe 
 2mE
 in AFe wLiin F 
dQSEI ,Fe  t  F  Feue AFe



P0 exp 


dt
M Fe



Replacing



.





[7.60]

in Eq. 7.60 using Eq. 7.57, yields

 

 

2
3
  0
dQSEI ,Fe  t  2 F  Fe ue N  3k e cH2 + M Fe 
M Li QSEI ,Fe  t 
 2 m E

P0 exp  2  lFe 
23 
 2 N  
dt
M Fe

 3k e cH2 + M Fe t  
Fe


 
in in


2
N
w
F

 
Li
 
 2 N  Fe  
 

[7.61]

7.2.4 Summary of the aging model
The total capacity losses during storage Δ

at any time can be written as

st
Qirst  t   QSEI
 t   QLi ,Fe  t   QSEI ,Fe  t  .

The maximum capacity of the battery at any storage time

[7.62]
can therefore be

represented by
st
0
Qmax
 Qirst  t 
 t   Qmax
0
st
 Qmax
 QSEI
 t   QLi ,Fe  t   QSEI ,Fe  t  .
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[7.63]









Chapter 7 Degradation mechanisms of LFP batteries: modeling calendar and cycling-induced aging

The total capacity losses during cycling Δ

at any time can be written as

cov
fr
Qircy  t   QSEI
 QLi , Fe  t   QSEI ,Fe  t  .
 t   nQSEI

The maximum capacity of the battery at any cycling time

[7.64]

can then be represented

by
cy
0
Qmax
 Qircy  t 
 t   Qmax
0
cov
fr
 Qmax
 QSEI
 QLi ,Fe  t   QSEI ,Fe  t  .
 t   nQSEI

[7.65]

7.3 Results and discussion
The maximum capacities upon storage

and cycling

have been

theoretically simulated by the presented model. The Nonlinear Least Squares (NLS) method
was used to determine the unknown parameters in the simulations and the corresponding
software was implemented in Matlab. All the parameters in the model under various aging
conditions are optimized simultaneously under a combined condition. The optimized
parameters under storage and cycling conditions are listed in Tables 7.1 and 7.2, respectively.
The experimental results shown in this chapter have been presented and discussed in Chapter 5
and 6, respectively.

Qst
/ Q0max / %
max

100

90

80

(a)
70
0

10%
50%
100%

20oC
2500

5000
Time / h

7500

10000

(b)
0

40oC
2500

(c)
5000
Time / h

7500

10000

0

60oC
2500

5000
Time / h

7500

10000

Fig. 7.4. Experimental (symbols) and simulated (lines) capacity development of cylindrical 2.3Ah LFP
batteries upon storage at various SoC (10%, 50%, 100%) at 20oC (a), 40oC (b) and 60oC (c).
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Calendar aging
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1.03·106

2.44

3.07·105

6.18·1034

4.0·10-14

2.7·10-3

2.566

2.84

23.86

2.63

50%

3.07·105

6.18·1034

4.0·10-14

2.7·10-3

2.527

2.90

23.86

2.63

10%
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Table 7.1. Model parameters of LFP batteries stored under various SoC and temperature conditions.
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Cycling aging
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Table 7.2. Model parameters of LFP batteries during cycling at various currents and temperatures.
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Fig. 7.4 shows the development of the experimental (symbols) and simulated (solid lines)
/

values as a function of storage time at various indicated SoC and temperatures.

The simulation results are in all cases in good agreement with the experimental results.
Obviously, the battery capacity degradation at low temperatures is much smaller than that at
high temperatures, indicating a strong temperature dependence of the capacity degradation. The
influence of SoC on capacity degradation is also observed. It can be clearly seen that the
capacity loss at low SoC is smaller than that at high SoC at all temperatures; the difference is
larger at high temperatures (Fig. 7.4c).

Qcy
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Fig. 7.5. Experimental (symbols) and simulated (lines) capacity development of cylindrical 2.3Ah LFP
batteries upon cycling at various currents (0.1, 0.5, 1 and 2 C-rate) at 20oC (a), 40oC (b) and 60oC (c).

Fig. 7.5 shows the development of

/

as a function of time at various indicated

cycling currents and temperatures. Symbols again correspond to experimental results and solid
lines represent the simulation results. A good agreement between the experimental and
simulated results are also observed in Fig. 7.5. The influence of temperature on

/

is

in line with what has been observed under storage conditions. Apart from the temperature, the
(dis)charge current also plays an important role in the capacity degradation rate. It can be seen
that

/

decays faster at higher currents. This is due to the different energy barriers at

different currents as shown in Table 7.1.
Comparing Fig. 7.5 with Fig. 7.4 it is obvious that

/

decreases faster during

cycling than during storage for all comparable conditions. The volumetric changes of the
graphite particles during cycling is the main reason causing faster capacity degradation. Cracks
generated in the SEI layers due to graphite volume changes can accelerate new SEI formation,
leading to more capacity losses during cycling compared to storage. Furthermore, as can be
seen from Table 7.1 and 7.2, the tunneling barrier during cycling is always smaller than during
storage. Again, this will lead to more capacity losses during cycling.
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7.3.1 Irreversible capacity losses under storage
Fig. 7.6 shows the development of the experimental (symbols) and simulated (lines)
irreversible capacity losses as a function of storage time at various storage SoC and
temperatures. A good agreement between the simulated and experimental results can be found
here. In line with the trend of

/

observed in Fig. 7.4, both experimental and

simulated results under storage show that Δ
temperature on Δ

increases with increasing SoC. The influence of

is, however, more significant than the dependence on SoC. The individual

contributions of SoC and temperatures on Δ

0.6
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will be discussed in detail below.
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Fig. 7.6. The experimental (symbols) and simulated (lines) irreversible capacity loss (Δ

10000

) of LFP

batteries as a function of storage time at various indicated SoC at 20oC (a), 40 oC (b) and 60 oC (c).

7.3.1.1 The influence of SoC on
Fig. 7.7a shows the development of the experimental and simulated Δ
when stored at various SoC at 20oC. Δ

of LFP batteries

is mainly attributed to the SEI formation (

) at

20oC. The SEI formation rate is strongly dependent on the electron tunneling barrier Δ as can
be found in Eq. 7.35. It is concluded that the lower the value for Δ is, the faster the SEI
formation rate will be. Δ can be calculated on the basis of the graphite electrode Fermi level
(

) according to Δ

. Furthermore,

is a function of the graphite Electro-Motive

Force (EMF) as described by Eq. 7.9. The lower the graphite electrode potential, the higher

,

and the smaller Δ will be.
Fig. 7.7b shows the

(the graphite electrode state-of-charge) dependence of the graphite

EMF. It clearly shows the presence of several plateaus as a function of . The electrode voltage
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decreases with increasing . Since the anode is designed to be larger than the cathode in most
commercial batteries, the battery SoC shifts with respect to . The slippage of the battery SoC
is schematically shown in Fig. 7.7b. It can be concluded from that the electrode potential at
various SoC follows

%

various SoC follows

100%

Δ

%,

%

indicating that the electrode Fermi level at

50%

10% and Δ

100%

Δ

50%

10% (see Eq. 7.9). Therefore, the capacity loss at high SoC is larger than that at low SoC.
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Fig. 7.7. (a) The experimental (symbols) and simulated (lines) irreversible capacity loss (Δ

) of LFP

o

batteries stored at various indicated SoC at 20 C. (b) the Electro-Motive Force (EMF) of the graphite
electrode as a function of

(the graphite electrode state-of-charge). The corresponding battery SoC has

been indicated on the graphite EMF curve.

7.3.1.2 The influence of temperature
At low/moderate temperatures the irreversible capacity loss is mainly attributed to the SEI
formation. However, the contribution of cathode dissolution on the capacity loss becomes
significant at elevated temperatures.
Cathode dissolution
The origin of the cathode electrode dissolution was related to the proton exchange reaction
described by Eqs. 7.41 and 7.42. The concentration of protons in the electrolyte is essential for
Fe2+ ions dissolution. Fe2+ ions can be reduced at the anode. The Fe dissolution flux and the
subsequent reduction flux are described by Eqs. 7.45 and 7.48, respectively. The optimized
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exchange constant

can be found in Table 7.1 and is clearly found to be dependent on the

temperature.
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Fig. 7.8. (a) The total amount of Fe ions (

0
0

2500

5000
Time / h

7500

10000

) deposited on the graphite electrode as a function of

storage time in case of various indicated proton concentrations in the electrolyte at 60oC. The black dot
is the experimental result obtained from the ICP measurements. (b) The corresponding irreversible
capacity loss (

,

) caused by the Fe dissolution and the subsequent reduction on the graphite electrode

as a function of storage time.

The total amount of Fe deposited on the graphite electrode (
7.49. Fig. 7.8a shows the development of

) has been calculated by Eq.

as a function of storage time in case of various

indicated proton concentrations in the electrolyte at 60oC. It can be seen that

clearly

depends on the proton concentration in the electrolyte. ICP measurement shows that the Fe
deposited on the graphite electrode is around 0.1 mmol after 7000 hours storage (black symbol),
in line with the prediction under the condition of 10 ppm H+ ions. The corresponding capacity
losses

,

caused by Fe dissolution and deposition under various indicated conditions are

shown in Fig. 7.8b.

,

is around 0.01 Ah after 7000 hours of storage when the concentration

of H+ is 10 ppm.
Fe-induced SEI formation
Fig. 7.9a shows the development of the surface area of the precipitated Fe particles
on the graphite electrode. It can be seen from Eq. 7.57 that
temperature dependent, and by

is determined by

)

, which is

, which is determined by the electrolyte system. Therefore,

is only determined by the environment temperature and the H+ concentration in the
electrolyte, independent on the testing conditions, such as SoC and cycling current. The SEI
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formation on these Fe particles is also assumed to be determined by electron tunneling.
However, the thickness of the inner SEI layer on the Fe surface is found to be thinner than the
corresponding layer on the graphite electrode (see Table 7.2). Therefore the SEI formation rate
on the Fe surface is faster than that at the graphite electrode. Fig. 7.9b shows the development
of

,

as a function of storage time at various SoC at 60oC.

increases with increasing

,

SoC since the electron tunneling barrier on the Fe surface is smaller at higher SoC.
4
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Fig. 7.9. The development of the surface area of the precipitated Fe particles on the graphite electrode
(a) and the capacity loss (

) caused by the SEI formation at the Fe surface at the various indicated
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SoC upon storage (b).
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Fig. 7.10 shows the development of Δ
curves) and

,

(black curves),

,

(pink

(blue curves) as a function of storage time at 60oC with SoC = 10% (a), 50%

(b) and 100% (c).

,

is independent on SoC while both

increasing SoC. Therefore, the total irreversible capacity loss Δ
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SoC. Although the contribution of
considerable at 60oC,

,

and

,

on the total capacity loss becomes

is still dominant in determining Δ

.
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Fig. 7.11. Temperature dependence of .

Parameter

is defined as the capacity ratio between the inner and the total SEI layer (Eq.

7.30). This parameter reflects the quality of the SEI layers, i.e. the larger , the better the quality
of the total SEI layer will be. The optimized
7.1. For the purpose of simplification,

at various storage conditions are listed in Table

is assumed to be SoC-independent in the model, it is,

however, influenced by the temperature. Fig. 7.11 shows the temperature dependence of . The
left

axis is ln

ln

and

and the right

axis shows the real value of . A linear relationship between

can be observed, indicating that

follows an Arrhenius-type of temperature

dependence.
7.3.1.3 Inner-SEI layer and outer-SEI layer growth under storage
Fig. 7.12 shows the simulated growth of the inner SEI layer upon storage at various
indicated SoC and temperatures. It has been well documented that the SEI layer is composed of
the inner and outer SEI layer [49]. The structure of inner layer is considered to be dense and
compact. The thickness of inner layer was measured by Edström [10], using X-ray
photoelectron spectroscopy (XPS). According to this study, the inner SEI layer thickness is
around 20 Å. The thickness of this simulated layer, using the present model, is in a good
agreement with these experimental results. Obviously, the simulated inner SEI-layer thickness
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in Fig. 7.12 should be considered as an average thickness. Although the factors affecting the
formation of the inner SEI layer are still under discussion it has been identified that the electrode
potential has a significant influence on the products of the SEI formation [12]. Fig. 7.12 shows
that the inner SEI layer grows faster at high SoC at all temperatures. Moreover, the inner SEI
layer grows faster at lower temperatures than that at higher temperatures at any SoC. According
to the definition of , the growth of inner SEI layer is proportional to the product of

and the

total irreversible capacity losses. The influence of temperature on the inner SEI growth can be
explained by the temperature dependence of

as shown in Fig. 7.11 while the different growth

rates at various SoC are attributed to the different tunneling barriers.
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Fig. 7.12. The development of the inner SEI layers upon storage at various indicated SoC at 20oC (a),
40oC (b) and 60oC (c).
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Fig. 7.13. The development of the outer SEI layer upon storage at various indicated SoC at 20oC (a),
40oC (b) and 60oC (c).
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The growth of the outer SEI layer is shown in Fig. 7.13. It reveals a similar growth trend as
the inner SEI layer but at significantly higher rates. At 20oC, the outer SEI layer increased with
about 15 nm after 9000 hours storage (Fig. 7.13a), while this amounts to, for example, ~75 nm
at 60oC at 100% SoC (Fig. 7.13c). The influence of SoC on the outer layer growth is minor at
20oC, it becomes however more significant at 60oC. The increase of the outer SEI layer is about
45 nm when stored at 10% SoC while is 75 nm at 100% SoC at 60oC.
Experimental detection of the outer SEI layer thickness is difficult due to its porous and
fragile structure. Before conducting SEI characterization, the graphite electrode is usually
rinsed to remove the Li salt crystalized from the electrolyte. However, it has also been reported
that the outer SEI layers can be partially dissolved in the electrolyte/solvent, which makes the
measurements inaccurate. The simulations based on SEI models provides an efficient way to
accurately estimate the growth of both the inner and outer SEI layers.
According to Eq. 7.35 the SEI formation rate depends on the energy barrier Δ , the inner
layer thickness, the State-of-Charge and the surface area. When batteries are produced in the
same batch, it may be expected that these batteries all have a similar initial SEI inner layer
thickness and surface area. So the energy barrier Δ and State-of-Charge are the most important
factors, determining the SEI formation rate for that particular batch. Table 7.1 gives a summary
of all discussed parameters.

7.3.2 Irreversible capacity losses during cycling
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Fig. 7.14. The irreversible capacity loss (Δ
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) of LFP batteries as a function of cycling time at various
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indicated cycling currents at 20 C (a), 40 C (b) and 60 oC (c).
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Both experimental (symbols) and simulated (lines) irreversible capacity losses under
various cycling currents and temperatures are shown in Fig. 7.14. The simulation results are in
all cases in good agreement with the experimental results under all cycling conditions. In line
/

with the trend of
show that Δ
Δ

observed in Fig. 7.5, both experimental and simulated results

increases with increasing cycling currents. The influence of temperature on

is, however, more significant than the dependence on the current. The individual

contributions of currents and temperatures on Δ

will be discussed in detail below.

7.3.2.1 Cycling effects
Influence of and
The cycle number is an important parameter, describing the capacity loss during cycling.
The cycle number

is a function of total cycling time , the (dis)charging current

rest time in each cycle

and the (dis)charging capacity
n

and

,

,

, according to

t
.
Qd Qch

 tr
Id
I ch

[7.67]

If a constant charging regime is applied and the charging and discharging currents are the
same,

,

≅

. Therefore, Eq. 7.67 can be rewritten as

n

It
.
2Qbat  Itr

[7.68]
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Fig. 7.15. Relationship between the total cycling time and cycle number at various cycling currents.
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The relationship between the total cycling time and
Fig. 7.15. It can be seen that at a fixed ,

at various cycling currents is shown in

increases with .
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Fig. 7.16. Irreversible capacity losses Qir

 as a function of cycle time (a) and cycle number (b) at

various indicated cycling currents at 60oC.

Fig. 7.16 shows the capacity losses Qircy as a function of time (a) and cycle number

(b).

Fig. 7.16a demonstrates that Qircy increases with increasing current. This is because the cycle
number at higher currents is much larger than that at lower currents at the same . Fig. 7.16b
shows that Qircy increases with current decreasing at the same . This result is attributed to a
shorter at higher currents when the cycle number is the same. These results observed from
these two figures imply that Qircy is both and
and

dependent. The individual contributions of

will be explained as follows.
Due to the volumetric changes of the graphite electrode, the SEI formation during cycling

has been classified into two cases. As shown in Fig. 7.1b, one process is the SEI formation on
cov
the covered surface areas Acov , denoted as QSEI
, which is dependent and has been described

by Eq. 7.37. The other process is the SEI formation on the fresh surface areas A fr caused by
cr
cracks, denoted as QSEI
, which is

dependent and has been described by Eq. 7.40. It can be

cov
cr
seen that QSEI
increases logarithmically with (see Eq. 7.37), while QSEI
increases linearly

with cycle number

cov
cr
(see Eq. 7.40). The development of the calculated QSEI
(blue line), QSEI

(red line) and Qircy (black line) as well as the experimental results (black symbols) at 40oC and
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1C-rate is shown in Fig. 7.17. Considering the relationship between and

described by Eq.

cr
7.68, QSEI
is also linear with .
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Fig. 7.17. Experimental (symbols) and simulated total capacity losses  Q ircy (black line) and the
cov
cr
contribution of the covered SEI Q SEI
(blue line) and the SEI due to cracks Q SEI
(red line) as a function

of cycle time at 1C-rate at 40oC.
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cov
The development of QSEI
as a function of time at various cycling currents at 40oC is shown
cov
in Fig. 7.18. It can be concluded that QSEI
increases logarithmically with time and is higher at

related to the SEI formation on Acov

larger currents. The corresponding current densities

during cycling at various currents are plotted in Fig. 7.19. Like in the case of storage (Eq. 7.35),
a reciprocal relationship between

and time can be observed. In line with the observation

in Fig. 7.18, the SEI formation rate at higher currents is larger than at lower currents. The
variation of

at various currents is attributed to the overpotential development. The higher

the current, the larger the overpotential. The electron tunneling probability in case of a larger
graphite electrode overpotential is larger since the energy barrier is smaller. However, as can
be seen from Fig. 7.19, the difference of

becomes smaller after long-term cycling since the

thickness of the inner SEI layer becomes the dominating factor in determining the electron
tunneling probability.
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Fig. 7.19. Calculated current density used for SEI formation

 jSEI 

at various cycling currents at

40oC.

The dependence of

on the energy barrier Δ is discussed in Fig. 7.20. The optimized

values for Δ at various cycling currents can be found in Table 7.2. The values of

at 4

different cycling time: 1000 h (black symbols), 2000 h (blue symbols), 3000 h (pink symbols)
and 4000 h (red symbols) at 0.1, 0.5, 1 and 2 C-rate are extracted from Fig. 7.19. The calculated
ln jSEI are plotted as a function of

E in Fig. 7.20. Obviously, a linear relationship between
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E can be observed at various cycling times, indeed indicating that

ln jSEI and

an exponential-type dependence on

follows

E .
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Fig. 7.20. From Fig. 7.19 extracted values for

−1.66
/

(eV)
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at 4 different cycling times: 1000 h (black symbols),

2000 h (blue symbols), 3000 h (pink symbols) and 4000 h (red symbols) at various indicated cycling
currents. The corresponding solid lines indicate the linear dependence of ln jSEI on the tunneling
barriers

E .

7.3.2.2 Influence of temperature
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Fig. 7.21. Development of the surface area of precipitated Fe particles at the graphite electrode during
cycling at 60oC (a) and the capacity loss caused by the SEI formation on the Fe surface
the various indicated cycling currents.
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When batteries are cycled at the elevated temperatures, the cathode dissolution and the
subsequent metal deposition on the anode will influence the total irreversible capacity losses.
Fig. 7.21a shows the development of the surface area of precipitated Fe particles at the graphite
electrode during cycling at 60oC. As discussed in section 7.3.1.2b, the cathode dissolution and
metal deposition are only influenced by the

and

. Therefore, when the temperature and

the electrolyte are fixed, the cathode dissolution and metal deposition rates inside the batteries
cycled at various currents will be the same. Indeed, the cathode dissolution and metal deposition
rates under cycling are the same as those obtained during storage at the same temperature. The
growth of

in Fig. 7.21a and Fig. 7.9a is exactly the same.

Fig. 7.21b shows the capacity losses caused by the SEI formation on the Fe particle surface
at various cycling conditions. Different from the growth rate on the graphite electrode,

,

the SEI formation rate on the Fe surface becomes higher as a function of time. This is because
the surface area

also increases with time. Moreover, the growth rate of

is higher at

,

higher currents due to the smaller electron tunneling barriers.
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Fig. 7.22 shows the various components of the total irreversible capacity loss (Δ

) during

cycling at 1C-rate at 20oC (a), 40oC (b) and 60oC (c). Since the cathode dissolution at 20 and
40oC is negligible, Δ
and

only comprises

at 60oC. It can be observed that both
The development of

and

consists of

,

,

,

,

are temperature dependent.

as a function of cycling time at 20, 40 and 60oC at 1 C-rate is

shown in Fig. 7.23. It can be seen that
current density

.Δ

and

increases strongly with increasing temperature. The

related to the SEI formation on

and is shown in Fig. 7.24. It clearly shows that

has been calculated on the basis of
decreases strongly as a function of
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time but increases as a function of temperature. The dependence of
further illustrated in Fig. 7.25. The values of

on temperature is

at 4 different cycling time: 1000 h (black

symbols), 2000 h (blue symbols), 3000 h (pink symbols) and 4000 h (red symbols) at 20, 40
and 60oC are obtained from Fig. 7.24. The calculated value for
of

are then plotted as a function

in Fig. 7.25. Obviously, a linear relationship between ln jSEI and

at various cycling time , indicating that

can be observed

follows an Arrhenius-type of dependence on

.
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Fig. 7.23. The development of

as a function of cycling time at 20, 40 and 60oC at 1C-rate.
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Fig. 7.26 shows ln

as a function of

shows the real value of

. The left

axis is ln

. A linear relationship between ln

and the right
and

axis

is observed,

follows an Arrhenius-type of dependence on temperature.

indicating that also

7.3.2.3 Growth of inner and outer SEI layers upon cycling
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Fig. 7.27. The development of the inner SEI layer upon cycling at various indicated currents at 20oC (a),
40oC (b) and 60oC (c).

Fig. 7.27 shows the simulated growth of the inner SEI layer thickness upon cycling at 0.1,
0.5, 1 and 2 C at 20oC (a), 40oC (b) and 60oC (c). Similar to the case of Fig. 7.12, the simulated
the inner SEI-layer thickness must be considered as an average thickness here. Fig. 7.27 shows
that the inner SEI layer grows faster at higher currents at all temperatures. Moreover, the inner
SEI layer grows faster at lower temperatures. The growth of the inner SEI layer is determined
by both  and

. The influence of temperature on the inner SEI growth rate can be

explained by the temperature dependence of  as shown in Fig. 7.11 while the different growth
rates at various currents are attributed to the differences in

as shown in Fig. 7.18.

The growth of the outer SEI layer is shown in Fig. 7.28. It reveals a similar growth trend as
shown in Fig. 7.13. At 20oC, the outer SEI layer increased with about 15 nm after 5500 hours
cycling (Fig. 7.28a), while this amounts to about 75 nm when cycled at 60oC at 2 C (Fig. 7.28c).
The influence of the current on the outer SEI layer growth is minor at 20oC, however it becomes
significant at 60oC. Comparing with Fig. 7.13 it can be concluded that the growth rate of the
outer SEI layer is higher during cycling than during storage at a given temperature.
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Fig. 7.28. The development of the outer SEI layers upon cycling at various indicated currents at 20oC
(a), 40oC (b) and 60oC (c).

7.3.2.4 Charging efficiency (CE)
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Fig. 7.29. Current of Li immobilization (solid line, corresponding to left y-axis) and charging efficiency
(dashed line, corresponding to right y-axis) of LFP batteries as a function of cycle number under 20oC
(black), 40oC (blue), 60oC (red), at 0.1 C (a), 0.5 C (b), 1 C (c) and 2 C (d).
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The battery charging efficiencies (CE) are calculated according to Eq. 7.5. CE represents
the percentage of the charge-transfer current reversibly stored in the electrode during charging.
It can be influenced by the cycling conditions, i.e. temperature and currents. Fig. 7.29 shows
the development of

(solid lines) and CE (dashed lines) as a function of cycle number at 20oC

(black lines), 40oC (blue lines), 60oC (red lines) and at 0.1 C (a), 0.5 C (b), 1 C (c) and 2 C (d).
The left-hand -axis represents

and the right-hand -axis shows CE. As expected,

is

larger at higher temperatures. Obviously, CE is smaller at higher temperatures. It can also be
observed that

increases with increasing current, and, CE increases with increasing current.

7.3.3 Influence of graphite parameters on the irreversible capacity losses
Fig. 7.30 shows the dependence of the storage capacity loss as a function of surface area of
the graphite electrode. In line with Eq. 7.34, a linear relationship is found. The three lines
correspond to different storage SoC. Extrapolating the surface area to 0, the corresponding
capacity loss is found to be 0 also, indicating that no capacity loss is indeed to be expected when
no active surface area is exposed to the electrolyte.
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Fig. 7.30. Calculated capacity loss as a function of surface area after 1000 hours storage at 20oC at SoC
= 10%, 50% and 100%.
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Fig. 7.31. Calculated capacity loss as a function of the graphite particle size after 1000 hours storage at
20oC at SoC = 10%, 50% and 100%.

Fig. 7.31 shows the storage capacity loss as a function of particle size from which the
graphite electrode is composed. The capacity loss strongly decreases with increasing particle
size. A reciprocal relationship is found between the capacity loss and particle size in all cases.
From the model description it follows that the larger the particle size, the better the capacity
retention is. However, it is well known that a larger particle size can negatively influence the
mass transport properties for Li+ ions in the active materials. Larger particles increase the
diffusion distance of Li+ ions and may decrease the rate capability of the battery. So the
optimized particle size is a trade-off between the capacity loss and rate capability of Li-ion
batteries.

7.4 Conclusions
An advanced electron-tunneling-based SEI formation model and a temperature-dependent
cathode dissolution model are proposed, describing the capacity losses of C6/LiFePO4 batteries
at various storage and cycling conditions, which can be used to predict the calendar life and
cycle life performance of LFP batteries, respectively.
The SEI formation model assumes the existence of a compact inner and porous outer SEI
layer. The rate-determining step is considered to be electron tunneling through the inner SEI
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layer. Both SEI layers are growing at the interface of the inner and outer SEI layer. The inner
SEI layer grows much slower than the outer layer. The initial thickness of the inner layer
developed after activation will largely determine the future degradation rate.
The capacity losses at moderate aging temperatures are all attributed to the SEI formation.
It has been concluded that the capacity losses are strongly dependent on the storage SoC and on
the cycling currents. The capacity losses during cycling are larger than during storage at the
same operation time due to the cracks formation upon charging and discharging. These cracks
generate free graphite surface areas exposed to the electrolyte, where new SEI will be easily
formed. The capacity losses due to the SEI formation on these fresh graphite surfaces are a
function of both the charging time and cycling number. A logarithmical relationship between
the capacity loss and aging time is found.
A cathode dissolution model is used to describe the transition-metal dissolution process at
the elevated temperatures under both storage and cycling conditions. Cathode dissolution is
assumed to be initiated by a proton-exchange reaction. The concentration of protons in the
electrolyte ultimately determines the cathode dissolution rate. The dissolved metal ions can be
transported to the anode and reduced at the graphite surface. Both cathode dissolution and metal
deposition will induce battery capacity loss. The SEI formation on these metal-cluster surfaces
has been simulated, which also cause capacity loss.
Both the particle size and particle surface area of graphite have a large influence on the
capacity losses. A linear relationship between the surface area and capacity loss is observed
while a reciprocal relationship between the particle size and the capacity loss is found in
accordance with the presented model.
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Chapter 8
Degradation Mechanisms of NMC Batteries:
Experimental Analysis of Cycling-induced Aging
The EMF curves of NMC(111) batteries have been regularly determined by mathematical
extrapolation of the measured voltage discharge curves. The irreversible capacity losses, which have
been accurately determined from the EMF curves, have been systematically investigated as a
function of time and cycle number and were found to increase with cycling current and temperature.
The charge efficiency of the individual electrodes has also been investigated. The charge efficiency
is always found to be larger than 100% for the cathode and lower than 100% for the anode. Parasitic
side reactions, occurring at the cathode and anode are considered to be responsible for the deviation
of the charge efficiency. The ohmic resistances of charging (

) and discharging (

o

60 C are calculated on the basis of the initial voltage changes during (dis)charging.
be larger than

. Both

and

increase as a function of cycle number. Finally,

) at 40 and
is found to
/

curves are calculated from the determined EMF curves. Changes of the peak position in the
/

curves can be used to determine the electrode material decay and voltage slippage of the

individual electrodes.
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8.1 Introduction
The demand for large-scale rechargeable batteries in the application of electric vehicles and
smart grids has been growing rapidly in the past few years [1]. Higher energy density combined
with long cycle life and high safety is one of the key requirements in these applications. Lithium
nickel-manganese-cobalt oxide (NMC) cathode material is considered to be a promising
candidate for high-energy-density batteries, due to their larger theoretical specific capacity
( 260 mAh·g-1) compared with olivine (LiFePO4, 160 mAh·g-1) or spinel materials (LiMn2O4,
150 mAh·g-1) [2-4].
The ternary NMC material has a layered structure, which is similar to that of LiCoO2 [1].
Electronic structure studies have shown that NMC consists of Ni2+, Mn4+ and Co3+ in the asmade materials [5-8]. Ni2+ will be oxidized to Ni4+ during the initial stages of charging, while
Co3+ will be oxidized to Co4+ in the higher voltage range. Mn4+ remains inactive throughout
normal charging [7, 9] and provides structural stability [10]. The NMC electrode has a similar
or higher achievable specific capacity compared to LiCoO2 when cycled in the potential
window of 2.5-4.3 V [7, 11]. Advantageously, the cyclability of the NMC electrode is better
than LiCoO2 due to its higher thermal stability [12, 13].
A lot of work has been carried out to investigate the degradation mechanisms of NMC
batteries [2-4, 10, 12, 14-31]. Generally, Li immobilization in the SEI layers on the graphite
electrode is considered to be the main origin of the battery capacity loss [14-19]. The cathode
material decay becomes significant under severe aging conditions, e.g. at high temperature,
using high (dis)charge currents and upon overcharging [4, 12, 27-30]. The degradation
mechanism of NMC is still under discussion. It is well known that the NMC material
experiences a phase transition from the rhombohedral space group 3

(initial “O3” phase) to

the monoclinic space group C2/m (“O1” phase) when the charge voltage is beyond 4.4 V vs
Li+/Li [2, 7, 26, 27]. The “O1” LiyNi1/3Co1/3Mn1/3O2 phase has been clearly observed at

0.3

[32]. Cycling above this phase transition voltage (> 4.4 V) will lead to a faster capacity decay
of the cathode. Structural changes induced by Li-Ni site interchange, is considered to be another
detrimental effect on the electrode cycling performance [2, 10, 12, 26-28, 33]. High currents
[12] and voltages [2] are believed to be more detrimental to cause such distortion at the surface
of these materials. Moreover, metal dissolution from the NMC electrode in acidic solutions
(LiPF6 based electrolyte) at high temperatures [4, 7, 31, 34-38] has also been reported.
The ternary NMC electrode system contains a large group of family members including
LiNi1/3Co1/3Mn1/3O2 (NMC(111)), LiNi0.5Co0.2Mn0.3O2 (NMC(532)), LiNi0.425Co0.15Mn0.425O2,
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LiNi0.25Co0.5Mn0 25O2, etc. [2, 25]. However, at present only NMC(111) and NMC(532) have
been successfully introduced as cathode materials in commercial Li-ion batteries [2]. It is
worthwhile to point out that the degradation mechanisms of NMC materials depend on their
specific compositions [2]. In this chapter, the aging mechanisms of NMC(111) batteries will be
investigated and discussed.

8.2 Results and discussion
Cylindrical 18650 NMC batteries with a nominal capacity of 2.2 Ah have been cycled at
various currents at 40 and 60oC. Fig. 8.1a shows an example of the development of the voltage
discharge curves upon cycling at 60oC and 2 C-rate. The corresponding cycle numbers of the
discharging curves are indicated in the figure. It can be seen that the discharge curves contract
upon cycling number, indicating a decline of the discharge capacity. The corresponding EMF
curves are shown in Fig. 8.1b. Similar to the discharge curves, a contraction of the EMF curves
upon cycling is observed. Obviously, the capacities extracted from the EMF curves are larger
than those extracted from the discharge curves in Fig. 8.1a. The capacity loss found in the EMF
curves is smaller than that of the discharge curves. Moreover, the voltage plateaus of EMF
curves in Fig. 8.1b are higher than those of the discharge curves in Fig. 8.1a since overpotentials
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Fig. 8.1. Development of the voltage discharge curves (a) and corresponding EMF curves (b) of a
NMC(111) battery at 60oC and 2C-rate. The cycle number is indicated.
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Fig. 8.2. Maximum storage capacity

for a NMC(111) battery as a

function of cycle number at 2 C-rate at 60oC.

(black symbols) and the maximum capacity

The extracted discharge capacity

(red

symbols) are shown in Fig. 8.2 as a function of cycle number. In line with the trend observed
in Fig. 8.1,

is higher than

but the decline rate of

is smaller than that of

. Fig.

8.2 implies that the polarization (overpotential) of the battery is clearly influenced by the cycle
number. More and more cyclable Li+ ions cannot be extracted when the overpotentials increase.
The apparent capacity loss Δ

calculated from

irreversible capacity loss Δ
Δ

deviates from the calculated

. Therefore, only the irreversible capacity loss

is considered in the present work.
Fig. 8.3 shows the development of the normalized maximum capacity (

/

) at

various currents as a function of cycle number ((a) and (c)) and time ((b) and (d)) at 40 and
60oC. It can be seen that

/

decreases faster at higher temperatures than at lower

temperatures when the cycling current is low, i.e. at 0.1-0.5 C-rate. However, when the cycling
current increases to 1 C,

/

decreases very fast at both 40 and 60oC. Figs. 8.3a and

8.3c illustrate that the degradation rate of

/

decreases with increasing current (apart

from 1 C at 40oC) while Figs. 8.3b and 8.3d show that the degradation rate of

/

increases with increasing current. The above results indicate that both the cycle number and
time influence the battery capacity degradation, which has been discussed in detail in Chapter
6 for LFP batteries.
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/

Figs. 8.4a and 8.4b show the comparison of

for LFP and NMC(111) batteries

at various cycling currents as a function of cycle time at 40oC. It can be seen that the capacity
degradation of LFP batteries is similar to that of NMC(111) batteries at 0.1 C at 40oC. However,
/

of NMC(111) batteries decreases much faster than that of LFP batteries at 1 C,

indicating that the cycling stability of LFP (A123) batteries at higher currents is better than that
of NMC(111) batteries. Figs. 8.4c and 8.4d show the comparison of

/

for LFP and

NMC(111) batteries upon cycling at 60oC. It is clearly visible that the capacity loss of NMC(111)
is similar to that of LFP batteries at 0.5 and 1 C-rate at 60oC but is even better at 0.1 C-rate,
indicating that the cycling performance of NMC(111) batteries at higher temperatures is better
than that of LFP batteries.

100

Q0max / Qtmax / %

0.5/1C
1/1C

0.5/1C
1/1C

90

80

(a)
70
0

(b)
400

800

1200

0

Cycle number

2000
4000
Cycle time / h

Fig. 8.5. Influence of the charging current of a NMC battery on

/

6000

as a function of cycle

number (a) and time (b) at 40oC.

Fig. 8.5a shows the development of

/

as a function of cycle number with

charging current of 0.5 C and 1 C but with the same discharging current of 1 C. It can be
concluded that battery degradation is larger when the charging current is higher. Fig. 8.5b shows
the same results now plotted as a function of time. The trend is similar to Fig. 8.5a, however,
the difference between the two curves in Fig. 8.5b becomes larger since the charging time at
0.5 C is longer than at 1 C.
Fig. 8.6 shows the irreversible capacity loss Δ

of NMC(111) batteries cycled at 0.1, 0.3

and 0.5 C-rates at 40 and 60oC as a function of cycle number and time. Obviously, Δ

is larger

at 60oC than at 40oC. In line with the results observed in Fig. 6.5, it is found that Δ

is larger

at lower currents (see Figs. 8.6a and 8.6c). However, as shown in Figs. 8.6b and 8.6d, when
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plotted as a function of time Δ

is larger at higher currents. It can be concluded that the battery

capacity loss is both cycle number and time dependent.
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Fig. 8.7 shows the development of the charging capacity (
(

) and the discharging capacity

) as a function of cycle number at 0.1 C-rate and 40oC. It can be seen that

smaller than

while

is fluctuating around

.

is always

represents the total amount of

cyclable Li+ ions extracted from the cathode. However, a small part of these Li+ ions are
immobilized by the SEI formation process during intercalation into the graphite electrode.
Therefore, the amount of cyclable Li+ ions extracted from the anode during the subsequent
discharging

is always smaller than

. Ideally, under the same charging cut-off

conditions the charging capacity in the subsequent cycle

should be equal to

if there

are no side-reactions at the cathode. Apparently this is not the case as Fig. 8.7 shows. There are
two possibilities to explain the fluctuation of

around

. One is that the internal resistance

of the battery system is not stable, leading to fluctuating overpotentials, which influences the
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final charging cut-off current in the constant-voltage charging period. Another reason might be
that there are some parasitic side reactions at the cathode, such as electrolyte oxidation, which
generate electrons at the cathode.
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Fig. 8.7. The development of charging capacity (

n+3

) and discharging capacity (

) as a function of

cycle number at 0.1C-rate at 40oC.
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Fig. 8.8. The development of the charge efficiency for the anode  CEa  and cathode  CEc  as a
function of cycle number at 0.5 C-rate and 60oC.

210

Chapter 8 Degradation mechanisms of NMC batteries: Experimental analysis of Cycling-induced Aging

In order to investigate the charge efficiency for the individual electrodes, the development
of CE a (the charge efficiency at the anode, see definition Eq. 4.2) and CE c (the charge activity
ratio for the cathode, see definition Eq. 4.3) as a function of cycle number at 0.5 C-rate at 60oC
are shown in Fig. 8.8. Obviously, CE a is always smaller than 100%, indicating that the parasitic
side reactions, occurring at the anode, consumes cyclable Li+ ions during charging. In contrast,
CE c in most cases is larger than 100%, indicating that the processes occurring at the cathode
can release more charge during the charging processes. Both CE a and CE c are approaching
100% after long-term cycling, implying that the system becomes stable and the parasitic
reactions at both electrodes are depressed.

Fig. 8.9. Definitions of the battery voltage at the end of the resting period after charging
.

the initial stage of discharging
period after discharging and

and at

represents the battery voltage at the end of the resting

is the initial battery voltage during charging.

Fig. 8.9 represents the definitions of the voltage-related terminologies used in this chapter.
represents the battery voltage at the end of the resting period after charging but just before
the discharging step is commenced (the last point of the resting period),

is the battery

voltage at the moment of initiating the discharging step (the first point of discharging) after
resting,

denotes the battery voltage at the end of the resting period after discharging but

just before the charging step and
point of charging).

and

is the initial battery voltage during charging (the first
indicate the equilibrium state of the battery after charging
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and discharging, respectively.

and

reflect the overpotential of discharging and

charging processes, respectively.
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The development of

,

,

and

as a function of cycle number at 0.5 C-

rate at 40oC (a) and 60oC (b) are shown in Fig. 8.10.

and

are almost constant upon

cycling at both temperatures, indicating that the equilibrium state of the battery after charging
is the same. Therefore the extra capacity flowing into the battery during charging CEc  100%
cannot be attributed to the variation of the charging state. On the other hand, there is no clear
and

trend of

at 40oC observed in Fig. 8.10a. However, it can clearly be seen that

increase upon cycling at 60oC in Fig. 8.10b. The increase of

and

is attributed

to the cyclable Li immobilization in the anode.
The difference between

and

,

and

determines the overpotentials of

the charging and discharging process, respectively. The corresponding ohmic resistance during
charging (

) and discharging (

) can be calculated on the basis of these overpotentials and

the (dis)charge current and is shown in Fig. 8.11. Fig. 8.11a shows the development of the
charging (

) and discharging (

be seen that both
to be larger than

and

) ohmic resistance upon cycling at 0.5 C-rate at 40oC. It can

increase as a function of cycle number. Strikingly,

in call cases. Fig. 8.11b shows the development of

numbers at 0.5 C-rate at 60oC. Similar to the case in Fig. 8.11a,
cycle number.
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Fig. 8.12. The development of –

/
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cycling currents at 40oC (a-c) and 60oC (d-f). Three distinct peaks are indicated as

(gray),

(blue) and

(red).
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Fig. 8.12 shows the development of –

/

versus

curves as a function of cycle

number at 0.1, 0.3 and 0.5C at 40oC and 60oC. Three distinct peaks are observed which are
indicated as

(gray),

(blue) and

/

(red). The slopes and peaks in

corresponding to the slopes in EMF curves while depressions in

/

curves are

curves correspond

to the plateaus in the EMF curves. In order to facilitate the analysis of the shift of these peaks,
all curves are aligned with respect to
indicate the position of
peak of the various

and
/

peak at approximately 1.6 Ah. The blue vertical lines

peak at cycle number is 0. The red sloping lines connect the
curves in order to make the shift of the

can be seen that the shift of the

peak more visible. It

peak is negligible when the current is 0.1C at both 40 and

60oC. This shift at 60oC becomes more pronounced than at 40oC when the current increases to
0.5C. The shift of the

peak indicates the material degradation during cycling [39, 40].

Summarizing the above results it can be concluded that the electrode material degradation at
60oC is more severe than at 40oC especially at higher currents.
Obvious changes of the
that the

peak upon cycling appear in Figs. 8.12c and 8.12f. It can be seen

peak becomes indistinct upon cycling to almost disappear after 500 cycles. The

changes of the

peak can be attributed to the voltage slippage [41] of the individual electrodes.

8.3 Conclusions
The EMF curves of NMC(111) batteries have been regularly determined by mathematical
extrapolation of the measured voltage discharge curves. The irreversible capacity losses, which
have been accurately determined from the EMF curves, have been systematically investigated
as a function of time and cycle number under various cycling currents and temperatures. Similar
to the conclusions obtained from LFP batteries, it is found that the capacity loss increases with
temperature and current. The irreversible capacity losses of LFP and NMC(111) batteries under
the same cycling conditions have been compared and it was found that the capacity degradation
of NMC(111) batteries is smaller than that of LFP batteries at low current but becomes
significantly larger at high current.
The charge efficiency of the individual electrodes has been investigated. The charge
efficiency at the cathode was found always larger than 100% while was lower than 100% at the
anode. The parasitic side reactions occurring at the cathode and anode are considered to be
responsible for the deviation of the charge efficiency.
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The ohmic resistances of the charging and discharging processes at 40 and 60oC were
calculated on the basis of the initial voltage changes during charging and discharging.
found to be larger than
Finally, the

. Both

/

and

was

increased as a function of cycle number.

curves calculated from the corresponding EMF curves have been

investigated. The changes of the peaks observed from the

/

curves can be used to

determine the electrode material decay and voltage slippage of the individual electrodes.
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Chapter 9
Summary

In the past centuries the rapid development of our world was ensured by a vast amount of
fossil fuels. Nowadays it is commonly accepted that such dependence on fossil fuels creates an
obstacle for sustainable development of our society. The limited resources which are irregularly
distributed between the countries and continents induce conflicts and social unrest. Furthermore,
excessive emissions of greenhouse gases pollutes the living environment and accelerates the
global warming processes with potentially disastrous consequences [6-8, 282, 302]. The
application of Li-ion batteries in electric vehicles (EV) and hybrid electric vehicles (HEV) has
recently drawn major attention. The replacement of internal-combustion-engine-driven vehicles
by EV is considered to be an effective way to mitigate the air pollution problems in large cities.
The aging performance has a significant consequence on the reliability and safety of Li-ion
battery systems. Cyclable Li loss and electrode material decay are the two most important
processes responsible for battery aging. Solid-electrolyte-interphase (SEI) formation at the
anode is generally believed to be the main reason responsible for cyclable Li losses. The SEI
formation mechanisms, experimental characterization and model development have been
systematically reviewed in Chapter 2. Cathode degradation which mainly occurred under
severe aging conditions has also been discussed. Transition metal dissolution and structural
transformation are considered to be the main cause of cathode degradation. Finally, degradation
of the graphite electrode has been discussed, which is mainly caused by structural deformation
and inter-layer blockage.
Proper battery tests are essential to understand the battery degradation mechanisms. Testing
the lifetime of Li-ion batteries under real EV application conditions may take several years.
Therefore, accelerated testing is usually carried out under various conditions. Testing details
are described in Chapter 3. Both LFP and NMC(111) batteries have been investigated in this
thesis. The aging experiments include both storage and cycling experiments performed with
complete batteries and have been carried out with automated cycling equipment. The storage
experiments were conducted under various SoC and temperature conditions. The cycling
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experiments were performed with various cycling currents, SoC ranges and temperatures.
Material characterization focused on dismantled electrodes and have been performed by X-ray
Photoelectron Spectroscopy (XPS), Raman spectroscopy, Inductively Coupled Plasma (ICP)
spectrometry and Scanning Electron Microscopy (SEM).
To get more insight into the aging mechanisms from conventional experiments, novel and
efficient analysis methods have been adopted. The details of the methodologies adopted in this
thesis have been addressed in Chapter 4. The Electromotive Force (EMF) curves, which have
been regularly determined on the basis of a set of discharge voltage curves, are considered to
be an important tool to obtain in-depth understanding of aging mechanisms inside Li-ion
batteries. Various parameters, such as maximum capacities (
(Δ

), irreversible capacity losses

), overpotentials ( ), etc., can be extracted from these EMF curves. The development of

the second depression in the

/

curves of LFP batteries is proven to be an interesting

indicator for the graphite electrode decay (Δ

).

The capacity loss and material decay of LFP batteries during storage have been
systematically investigated and discussed in Chapter 5. Δ
of temperature and SoC. It is concluded that the origin of Δ

is found to increase as a function
is mainly related to the lithium

immobilization in the SEI layers formed on the graphite electrode. The thickness of the SEI
layers has been determined by XPS analysis by sputtering. It was found that the thickness of
the SEI layers at high temperatures is much thicker than at lower temperatures which is in line
with the conclusions of Δ

. Based on the EMF curves,

to investigate the aging mechanisms. Detailed analyses of the

/

curves have been applied
/

curves provide a non-

destructive approach to quantitatively determine the graphite inaccessibility. The accessibility
of the graphite electrode is found to be reduced at higher temperatures. The iron deposition on
the graphite surface is considered to be the origin for the graphite decay under storage
conditions since the graphite electrode will be blocked and Li intercalation will be hindered.
The presence of iron at higher storage temperatures has been experimentally proven by XPS
and ICP. The deposited metal clusters on the graphite electrode facilitate electron transport
through the SEI layer and, consequently, accelerate the SEI formation and growth. Iron
deposition was found to be negligible at moderate temperatures.
The capacity loss and the graphite electrode material decay of LFP batteries during cycling
have been discussed in detail in Chapter 6. In this chapter, two types of commercial LFP
batteries have been investigated, including prismatic 50 Ah batteries and cylindrical 2.3Ah
batteries. The prismatic battery has been cycled at low C-rate only. The capacity losses induced
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by cycling have been compared with the corresponding storage conditions. A faster capacity
decay was found during cycling than during storage.
The cylindrical batteries have been investigated in more detail at various temperatures (20,
40 and 60oC), cycling currents (0.1C, 0.5C, 1C and 2C) and cycling SoC-windows (0-30%, 3565% and 70-100%). The maximum storage capacities have been calculated on the basis of the
EMF curves, which have been regularly determined during cycling. The irreversible capacity
losses Δ

are accurately calculated on the basis of these maximum storage capacities. It is

concluded that the origin of Δ

during cycling is mainly attributed to the Li-ion

immobilization in the SEI layers formed on the graphite surface. In addition, the reduction of
metal ions at the graphite electrode accelerates this process. Δ

increases as a function of both

cycle number and time. The individual contributions of the cycle number and time have been
discriminated by a newly proposed mathematical extrapolation method. The capacity losses
induced by calendar aging ( Δ
extrapolation Δ

) at the equilibrium state have been determined by

to zero current. Δ

is found to increase logarithmically with time. The

capacity losses related to crack formation (Δ

), induced by the electrode volume changes,

have been obtained by extrapolation from Δ

to zero time. The growth of Δ

linear with cycle number. Both Δ

are temperature dependent.

and

is found to be

The thickness of the SEI layers has been investigated by XPS analyses. It has been
concluded that the SEI thickness determined by XPS is mainly related to the SEI formation on
the SEI covered surface areas (Δ

). Therefore the SEI thickness is very similar at various

cycling currents when the cycling time is kept the same. Both temperature and cycling range
can influence the SEI thickness. It is found that the SEI layers are thicker at higher temperatures
and at higher SoC windows.
The inaccessibility of the graphite electrode during cycling has been quantitatively
calculated on the basis of the

/

curves. Temperature, current and the cycling SoC-

ranges are found to have an influence on the inaccessibility of the graphite electrode. The
graphite electrode capacity loss (Δ

) was found to be minor at low temperatures but became

significant at elevated temperatures when the batteries were cycled in the full SoC-range.
However, Δ

becomes significant when the battery was cycled at low SoC-windows even at

low temperatures. Furthermore, Δ

was found to be more pronounced at high currents than

at low currents. Graphite degradation during cycling was concluded to be a consequence of
structural deterioration as well as metal deposition on the anode, which have been confirmed
by Raman and XPS analyses, respectively. It has been concluded from the LFP battery
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measurements that the graphite electrode capacity decreases faster than the battery capacity,
especially at higher temperatures. The second slope on the battery capacity degradation can be
related to the case that the graphite electrode becomes the capacity-limiting electrode.
Modeling is an efficient way to investigate battery degradation. The developed models are
generally classified as empirical and theoretical models. Empirical models are widely used in
Battery Management System (BMS) of electronic portable devices and electric vehicles. Such
models are typically developed using data that is collected under tightly controlled experimental
conditions to predict its future state. The advantage of empirical models is that the computation
time is short. However, the battery characteristics cannot be updated along with battery aging
processes since the physics-based parameters cannot be determined by the empirical model. In
contrast with empirical models, theoretical models have been developed on the basis of physical
parameters which can accurately describe the battery state under various operating conditions.
Only a few models are related to degradation mechanisms. In Chapter 7 an advanced model is
proposed considering both the SEI formation and cathode dissolution processes.
The capacity losses at moderate aging temperatures are all attributed to the SEI formation.
The SEI formation model assumes the existence of a compact inner and porous outer SEI layer.
The rate-determining step is considered to be electron tunneling through the inner SEI layer.
Both SEI layers are growing at the interface of the inner and outer SEI layer. The inner SEI
layer grows much slower than the outer layer. The initial thickness of the inner layer, developed
after activation, will largely determine the future degradation rate. It has been concluded that
the capacity losses are strongly dependent on the storage SoC, i.e. by the electrode potential and
tunneling probability, and on the cycling currents (overpotential development and tunneling
barriers). The capacity losses during cycling are larger than during storage for the same
operating time due to the crack formation in the SEI during (dis)charging. These cracks generate
free graphite surface areas exposed to the electrolyte, where the new SEI will be formed easily.
The capacity losses due to the SEI formation on these fresh graphite surface areas are a function
of charging time and cycling number. A relationship between the capacity loss and aging time
( ln t ) is found when the capacity losses are attributed to the SEI formation only.
A cathode dissolution model has been proposed to predict the transition-metal dissolution
processes at elevated temperatures under storage and cycling conditions. The cathode
dissolution is assumed to be driven by the proton exchange reaction. The concentration of
protons in the electrolyte determines the cathode dissolution rate. The dissolved metal ions can
be transported to the anode and deposited on the graphite surface. Both cathode dissolution and
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metal deposition can cause battery capacity losses. Moreover, the SEI formation on these metalcluster surfaces has been simulated, confirming considerable capacity losses.
Finally, the influence of both the particle size and particle surface area of graphite on the
capacity losses has been discussed. A linear relationship between the surface area and capacity
loss was observed while a reciprocal relationship between the particle size and the capacity loss
was found in accordance with the proposed model. The model has been applied to predict the
calendar life and cycle life performance of LFP batteries.
The demand for rechargeable batteries for application in electric vehicles and energy storage
systems connected to the smart grid has been growing rapidly in the past few years. The ternary
NMC electrode material has drawn more and more attention due to their high energy density,
long cycling life and high safety performance. The ternary NMC system contains a large group
of family members including LiNi1/3Co1/3Mn1/3O2 (NMC(111)), LiNi0.5Co0.2Mn0.3O2
(NMC(532)), LiNi0.425Co0.15Mn0.425O2, LiNi0.25Co0.5Mn0.25O2, etc. However, at present only
NMC(111) and NMC(532) have been successfully commercialized as cathode materials in Liion batteries. It is worthwhile to point out that the degradation mechanism of NMC materials
depends on their specific composition. In Chapter 8, aging mechanisms of NMC(111) batteries
have been discussed.
The EMF curves of NMC(111) batteries have been regularly determined by mathematical
extrapolation from the measured voltage discharge curves. The irreversible capacity losses,
which have been accurately obtained from the EMF curves, have been systematically
investigated as a function of time and cycle number under various cycling currents and
temperatures. Similar to the conclusions obtained from the LFP batteries, it was found that the
capacity losses increase with temperature and current. The irreversible capacity losses of LFP
and NMC(111) batteries have been compared under the same cycling conditions and it was
found that the degradation of NMC(111) batteries is smaller than that of LFP batteries at low
currents but becomes much larger at high currents.
The charge efficiency of the individual electrodes has been investigated and was always
found to be larger than 100% for the cathode and smaller than 100% for the anode. Parasitic
side-reactions occurring at both the cathode and anode are considered to be responsible for the
deviation of the charge efficiency. Interestingly,

/

curves calculated from the

corresponding EMF curves have been analyzed. Changes in the observed peaks gave
information about the electrode material decay and the voltage slippage of individual electrodes.
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Fig. 9.1. Chart of the battery aging investigation strategy

The research strategy adopted in this thesis to investigate Li-ion battery aging processes is
summarized in Fig. 9.1. The study is composed of three steps: (i) battery test, (ii) data analyses
and (iii) the simulations.
(i) Battery testing
The testing step constitutes storage and cycling measurements. Different battery SoC and
ambient temperatures have been controlled during storage. The currents, cycling ranges and
temperatures are used as variables in the cycling experiments. Battery characterization is
based on a set of voltage discharge curves with various C-rates, and has been regularly
performed to determine the EMF curves upon aging. After the aging experiments, the
batteries were dismantled for further characterizing the electrode materials, by Raman
analysis and XPS.
(ii) Data analyses
Experimental data collected from the measurements has been systematically analyzed. The
EMF curves determined during characterization are essential in the investigation of aging
mechanisms. The maximum battery storage capacities
are used to calculate the irreversible capacity losses Δ

obtained from the EMF curves
. Furthermore,

/

plots

can be obtained from the EMF curves. In LFP systems the changes of the second depressions
/

in these
decay Δ

curves are considered to be a useful indicator for the graphite electrode

.

(iii) Simulations
The irreversible capacity losses Δ

are simulated on the basis of a complete aging model

which is composed of an SEI formation model and a cathode dissolution model. Electron
tunneling is assumed to be rate determining in the SEI formation model. The cathode
dissolution is assumed to be controlled by proton exchange with the transition metal.
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Appendix I
Derivation of Eq. 1.18
Under ideal conditions, the anode electrode capacity
capacity

is equal to the cathode electrode

and also equal to the battery capacity
.

[A1.1]

The electrode capacities can be calculated according to
,

[A1.2]

,

[A1.3]

and

where

and

respectively.

are the specific capacities of the anode and cathode electrode materials,
and

are the mass of the corresponding active materials. The total mass of

the battery is given by
,
where

[A1.4]

represents the mass of other species, including carbon black, binders, electrolyte,

separator, battery can, etc. The specific capacity of battery is, therefore, given by

Qbat
Qbat

.
mbat ma  mc  mo
Eliminating

and

[A1.5]

on the right-hand side of Eq. A1.5 by using Eqs. A1.1- A1.3, the

specific capacity of battery can be expressed as

Qbat

mbat

qa qc
.
 mo 
qa  1 
 qc
 ma 

[1.18]
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Appendix II
Derivation of electron tunneling probability
For a one-dimensional rectangular barrier model (see Fig. 7.2), the space can be divided
into 3 parts: region I corresponds to graphite electrode, where we suppose
corresponds to the inner SEI, where 0
where

0; region II

; region III corresponds to the solvent side,

. The wave function of electrons in various regions is calculated according to the

stationary Schrödinger equation.
In region I, the Schrödinger equation takes the following form
d 2 1 2m
 2  E f  U I  1  0 ,
dx 2

where

[A2.1]

is the electron wave function in region I. The solution of Eq. A2.1 yields

 1  eik x  re  ik x ,

[A2.2]

d 1
 ik1  e ik1 x  re  ik1 x  ,
dx

[A2.3]

1

1

and therefore

where k1 

2m  E f  U I 
2

and are constants to be determined from the boundary conditions.

Similarly, the wave function in region II can be calculated, according to
d 2
2m
 2  E f  U II   0 ,
2
dx

where

[A2.4]

is the electron wave function in region II. Solving Eq. A2.4 leads to

  aei x  be  i x ,

[A2.5]

d
 i  ae i x  be  i x  ,
dx

[A2.6]

and

229

Appendix II. Derivation of the tunneling probability

where  

2 m U II  E f


2

,

and

are constants.

In region III, the Schrödinger equation can be written as
d 2 2 2m
 2  E f  U III  2  0 ,
dx 2

where

[A2.7]

is the electron wave function, which leads to

 2  ce ik x ,

[A2.8]

d 2
 ik 2 ceik2 x ,
dx

[A2.9]

2

and

where k 2 

2 m  E f  U III 
2

and are constants.

Considering that both the wave function and its derivative are continuous, the continuity
conditions must be applied at the boundary. As a result, the following system of equations holds
  1  x  0    x  0

in
in
   x  l  2  x  l 
 d
d
1

 x  0 
 x  0
 dx
dx
 d
d 2

x  l in  
x  l in 


dx
 dx

[A2.10]

Substituting the corresponding boundary values, described by Eqs. A2.2, A2.3, A2.5, A2.6,
A2.8 and A2.9, into Eq. A2.10 leads to the following system of equations
r  a  b  1
k1r  a  b  k1
in

in

in

aei l  be i l  ceik2l  0
in

.

[A2.11]

in

in

a ei l  b e i l  ck2eik2l  0
Eqs. A2.11 can be written in the form of

,
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where

1
 1
k

 1
in
 0
e i l

 0  e i l in



r
1

a
 
 , V    , Z   k1  .
in
b
0
 e ik2l 



 
in
c
0
 k 2 e ik2l 

1

e  i l

0
0

in

 e  i l

in

[A2.13]

A straightforward calculation leads to
c

4 k1e 

  k 2i l in







  k1  k 2  e 2 l  1  i  k1k 2   2  e 2 l  1
in

in



,

[A2.14]

which is known as ‘transmission coefficient’. Note that the magnitude of the complex number
according to Eq.

, given in Eq. A2.14, determines the amplitude of the complex function

A2.8. However, the function of interest is not the transmission coefficient itself but rather a
transmission probability, given by

P

k2
cc ,
k1

[A2.15]

where ̅ is a complex conjugate of , i.e.
c 

4 k1e 



  k 2 i l in





  k1  k 2  e 2 l  1  i  k1k 2   2  e 2 l  1
in

in



.

[A2.16]

Straightforward multiplication leads to the tunneling probability of electrons on their Fermi
level
in

k2
16 2k1k2e2l
P  cc 
2
2 ,
2
2
2l in
2 2
2l in
k1
  k1  k2  e  1   k1k2    e  1









[A2.17]

where
k1 

1
2m  E f  x   U I  ,


[A2.18]

k2 

1
2 m  E f  x   U III  ,


[A2.19]
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and m is mass of an electron,

1
2 m U II  E f  x   ,


[A2.20]
4.4

is corresponding to the graphite Fermi level,

,

is the solvent LUMO, which is determined by the state of the solvent, e.g. when 3 EC
molecules combine with one Li ion, then the LUMO of each solvent is -2.99 eV.
0,

corresponds to the energy level of free electrons, here assumed

is the electron

fermi level of the LixC6 electrode.
Note that
P



16 2k1k2 e 2 l



in





 2  k1  k2  e 2 l  1   k1k2   2  e 2 l  1
2

in

2

2

in

2

,

[A2.21]

therefore

P

16 2k1k2

 2  k1  k2    k1k2  
2

in



2 2

e2 l ,

[7.11]

thus
in

P  P0 e 2 l ,

[7.12]

where

P0 

16 2k1k2

 2  k1  k2    k1k2   2 
2

2

[7.13]

.

1,

Eq. 7.12 has much simpler form, widely accepted in the literature, but usually assumes
which clearly violates Eq. 7.13. It is interesting to find out the dependence of
of the underlying parameters

,
P0 

From Eq. A22 it can be seen that

x
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k1
kk
and y  1 22 will lead to
k2


as a function

and . Eq. 7.13 can be rewritten in the following form
16
.
k1 k 2 k1k2  2
 

k 2 k1  2 k1k2

[A2.22]

depends only on two combinations of parameters. Defining
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P0 

The behavior of

as function of

It can be seen that

and

16
1
1
x  y
x
y

.

[A2.23]

is illustrated in Fig. A2.1.

is symmetric with respect to

and . It varies between 0 and 4,

1 , which corresponds to the symmetric case

reaching the maximal value when

1 can lead to considerable

. This implies that using the simplified Eq. 7.12 with

errors. This error can overestimate or underestimate the real tunneling probability.

4
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0
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Fig. A2.1.

10

2
0

y

calculated according to Eq. A2.23 as function of

and .
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Appendix III
Derivation of Eq. 7.34 from Eq. 7.33
st

 in M Li QSEI
 t   2 mE
l
2




0
in
in
st

A
w
F

dQSEI  t   6  x  F  C6 ve AC6

C
Li
6

P0 exp   

dt
4 M C6





Moving the capacity term

to the left-hand side and

st
 2 M Li QSEI
 t  2 mE
exp  
in

 AC6 wLiin F 




st
QSEI
t 

0

[7.33]

to the right-hand side results in

 st
 2l in 2mE 
 6  x  F C6 ve AC6
P0 exp   0
 dQSEI  t  
 dt . [A3.1]

4 M C6




0, the capacity loss

When




.




st
 2 M Li QSEI
 t  2mE
exp  
in

 AC6 wLiin F 


0

0, and integrating both sides of Eq. A3.1 this yields

 st
t  6  x  F  C ve AC
 2l0in 2mE 
6
6
P0 exp  
 dQSEI  t   0
 dt ,
4 M C6




[A3.2]

therefore

st
 2 M Li Q SEI
 t  2 mE
 exp 
in
 AC6 wLiin F 
2 M Li 2 m  E 


 in AC wLiin F  
6

   6  x  F  C6 ve AC6 t
 2l0in 2 m  E 
1
P
exp





0
 
4
M

C


6
 

.
[A3.3]
Shifting the multiplier from the left-hand side to the right-hand side leads to
st
 2 M Li QSEI
 t  2 mE
exp 
in

 AC6 wLiin F 



 2l0in 2mE
 6  x  C6 ve M Li t 2mE
P
exp
  1 

0
in in
2
M

w


C
Li

6



 . [A3.4]
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Moving the second term from the left-hand side to the right-hand side, this leads to
st
 2 M Li QSEI
 t  2mE
exp 
in

 AC6 wLiin F 



 2l0in 2mE
 6  x  C6 ve M Li t 2mE
1
P
exp



0
in in

2
M

w


C
Li

6



 . [A3.5]


Taking the logarithm of both sides results in
st
2 M Li QSEI
 t  2mE  ln  1   6  x  C6 ve M Li t 2mE P exp   2l0in 2mE


0
in in

 in AC6 wLiin F 
2
M

w


C
Li

6



  .


[A3.6]


  .


[7.34]

Finally, the capacity loss is obtained as a function of time, according to
st
QSEI
t  
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  6  x   C ve M Li P0 2mE
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