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Chapter 1 Introduction

1.1 Lithium-ion Battery

The lithium-ion battery (LiB) is an energy converter which can converts
chemical energy into electric energy and vice versa[1,2]. High energy density of
LiB has attracted great attention to chemical energy storage[3]. It has undergone
great development in the past decades and has been widely used in our daily life,
such as in electronic products, since the initial commercialization in the early
1990s. However, the present energy density and thermal stability limit the further
application of electric vehicles or electric aircraft[4].

A battery contains a cathode, an anode and electrolyte basically[3]. For LiB
it also needs current collector to hold cathode and anode powders and conduct
electrons. In case of commercialized lithium cobalt oxide battery, as shown in
Figure 1.1, when charging de-lithiation and oxidation reaction occurs at cathode
side and lithiation and reduction reaction occurs at anode side; During discharging,
the reaction goes in reverse. Half reaction at cathode and anode side is shown in
Eq (1) and Eq (2).
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Figure 1.1 Schematic diagram of the lithium intercalation—de-intercalation reaction mechanism

in a rechargeable lithium-ion battery[5].



Cathode side:
LiCo0O, < Li;_,Co0, + xLi* + xe~ Eq (1)
Anode side:
C + xLi* + xe™ < Li,Cq Eq (2)

For LiB, there are several properties we need to consider. First is the energy
density (Wh/kg). Energy density of a LiB, only considering the cathode and anode
materials, the two main performance parameters are electric potential (V, vs
Li/Li+) and capacity (mAh/g or Ah/kg). The energy density is shown in Eq(3).

Energy density = f(Ecathode — Egnode) - dC Eq (3)

Here, E'is electric potential and C'is capacity.

The energy density of current lithium-ion batteries is around 100-200 Wh/kg,
which is still hard to be an alternative energy source for gasoline[6].

Secondly, the cycling stability of LiB is also an important issue. The structure
stability of electrode and reaction on the interface area, cathode-electrolyte and
anode-electrolyte interface, is the key point to keep high energy retention during
the insertion and de-insertion of Li-ion[7-10].

Figure 1.2 Evident damage in the battery after runaway.[11]



Besides, the thermal stability of Li-ion battery is also an important issue to
limit the further application. The layered cathodes with high energy density
usually have lower degradation temperature and cause thermal runaway|[12-16].
Such problems seriously threaten the safety of users, as shown in Figure 1.2.

In conclusion, aiming for further application, the development of cathode
and anode materials with higher energy density, higher cycling and thermal
stability are the main targets.

1.2 Composition of Li-ion battery

1.2.1 Anode materials

There are 3 main anode materials, graphite, silicon, and metallic lithium,
respectively. Graphite is the commercialized anode materials since 1990s with
capacity of 372 mAh/g and 0.1-0.2V (vs. Li*/Li) [17,18]. Figure 1.3 shows the
schematic of Li insertion in graphite. It has the advantages of good cycle
performance, low cost and small volume expansion.

g ﬁ é‘% §.2 > ® Liion
Li* insertion
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Figure 1.3 Schematic of Li insertion into graphite.

Silicon-based anode materials show much higher capacity of 4200mAh/g
with low electric potential of ~0.06V (vs. Li"/Li)[17]. However, due to large
volume expansion (400% volume change) in during charge/discharge
process[19,20], it is now used as a nano anode additive with graphite.

Li metal or alloy anode shows the highest capacity since it does not need any
other skeleton structure. Whereas the inhomogeneous deposition and dissolution
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of dendrite lead to failure on application of Li metal anode. The dendrite Li metal
easily puncture the separator leading to short circuits, and it usually appears
inactive, resulting in a loss of battery capacity[21,22]. As a result, Li metal anode

now is only in laboratory experiment.

1.2.2 Electrolyte

As a medium for conducting lithium ions, the electrolyte is an important part
of LiB. The electrolyte requires high Li-ion conductivity(>103S/cm), low
electronic conductivity and good electrochemical stability at cathode-electrolyte

and anode-electrolyte interface[3,23-26].

Usually, the electrochemical stability at interface can be described by
HOMO-LUMO theory. As shown in Figure 1.4, a ideally stable electrolyte should
have large electrochemical window. In that case, the HOMO of electrolyte is
lower than LUMO of cathode so that the electron will not migrate from electrolyte
to cathode and cause the oxidation of electrolyte. Similarly, the LUMO of
electrolyte should also be higher than HOMO of anode to prevent reduction.
However, there is less electrolyte can have so large electrochemical window.
Usually, commercialized electrolytes do not have enough electrochemical
window but it will have some reaction at interface to stabilize the electrolyte. The
formation at interface is called cathode-electrolyte interface (CEI) and solid
electrolyte interface (SEI) which can be stable with cathode and anode

thermodynamically or kinetically.
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Figure 1.4 The electrochemical stability of electrolyte. (a) Ideal electrolyte (b) Practical

electrolyte



For nonaqueous liquid electrolytes, a commercialized electrolyte in LiB,
ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC),
and ethylmethyl carbonate (EMC) are the main component with ~5x10-S/cm at
ambient temperature[23]. Such liquid electrolytes, after the first cycle, is
electrochemically stable with at the interface due to the formation of CEI and
SEI[3]. However, liquid electrolytes is organic and flammable under high
temperature. It is easy to catch fire with a small short circuit or poor cooling
system.

Another kind of potential electrolyte is solid-state electrolyte (SSB). There
are two main kinds of SSB, oxide and sulfide. Both have good thermal stability
than liquid electrolyte.

Oxide solid-state electrolytes usually are not toxic in ambient atmosphere
and are more stable with cathode electrochemically. Though recent researches
show that they do not have a large electrochemical window as previously thought,
fortunately oxide electrolyte will also form a stable CEI at cathode interface and
1s kinetically stable[8,9,24,27-32]. However, the high hardness of oxides
generally results in poor interfacial contact and thus lead to a low overall ionic
conductivity[3,25]. As a result, the oxide solid electrolytes are often combined
with tiny amount of liquid electrolyte to improve interface contact.

Sulfide solid-state electrolytes have higher Li-ion conductivity, even higher
than that of liquid electrolytes (~102S/cm)[26]. Also, they are usually softer and
have good contact with cathode and anode. However, sulfide electrolytes do not
have large electrochemical window and the electrochemical potential of Li-ion is
much higher than that in cathode. Thus Li-ion tends to migrate from electrolyte to
cathode side and form a “space charge layer” with low Li-ion conductivity.

As a result, though solid state is inflammable and have good thermal safety,
they still face problems on application. Moreover, the burning of the electrolyte
is only part of the thermal runaway and cannot be completely solved even with
solid electrolytes.

1.2.3 Cathode materials



1.2.3.1 Spinel type

LiMn,Oq is a typical spinel phase cathode material proposed by Thackeray
et al[33]. The O* lattice structure is closely related to a-NaFeO, but the cation is
not in the same order. As shown in Figure 1.5 (a), the transition metal (TM) is
available at octahedral site and Li-ion is located at tetrahedral site.

The half reaction of LiMn,Oy4 1s shown in Eq (4):
LiMn,0, & Mn,0, + Li* + e~ Eq (4)

This reaction is an obvious phase transition reaction and have a voltage
plateau around 4V[34]. The maximum theoretical capacity is 148mAh/g but
usually it can only reach 100-120mAh/g in practical[35]. The problems with this
cathode material are Jahn-Teller effect of Mn®" and the disproportionation and
dissolution of Mn?'[35,36]. The electronic structure of Mn*" and Jahn-Teller
effect is shown in Figure 1.6.

(a) (b)

Figure 1.5 Crystal structure of (a) spinel LiMn,Os, (b) olivine LiFePO4, (c) layered LiCoO2[37].
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Figure 1.6 The Jahn-Teller distortion of an octahedron around Mn** splits the degenerate eg
levels[36].

1.2.3.2 Olivine type

LiFePOs is a typical kind of olivine type cathode material found by the group
of Goodenough in 1997[38]. The structure of olivine LiFePOy is shown in Figure
1.5(b) It has many advantages as follows:

(1) Cheap and low toxicity Fe is used.

(2) It shows proper electric potential (3.4 V vs. Li + / Li) as redox of Fe**/
Fe?*.

(3) High structural stability and thermal stability.

(4) Theoretical capacity is 170 mAh/g. Energy density is 550 Wh/kg, and it
is close to conventional oxide-based cathode materials (LiNipsCo2Mng30,: ~650
Wh/kg).

However, with the development of layered cathode materials, lack of energy
density begins to be a problem because LiFePO; is close to its theoretical energy
density.

Another attractive olivine cathode material is LiMnPOj,. The biggest merit
of LiMnPOy is its higher redox potential (4.1V vs. Li"/Li) than LiFePO4 which
can bring 20% additional energy density. Whereas LiMnPO, has received less



attention than his LiFePO4 because its electrical conductivity is much lower
(about 3-5 orders of magnitude) than his LiFePO4.[39]

1.2.3.3 Layered type

Nowadays, the layered cathode materials have been widely used. J.B
Goodenough first found a-NaFeO, type cathode materials, LiCoO, (LCO) in
1980[40]. The crystal structure is shown in Figure 1.5 (¢). Co*" is located at
octahedral center of O*. The stacking order of O is O3-type (ABCABC). LCO
can provide 0.5-0.6 Li-ion per unit with 4.2-4.35V cut-off voltage (142-
160mAh/g)[41-44].

After LCO, researcher found other TM can also form such layered structure,
such as LiNig33C00.33Mng340,. All these layered cathode materials are arranged
in this order: O layer, TM layer, O layer, Li layer. So, this layered structure can
also be written as LiMO, (M=Ni, Co, Mn). In this paper, we call it “normal layered
cathode”.

In 1990s, Li,MnOs, which was once thought to be an electrochemically
inactive material, showed good reversible capacity around 4.5V[45,46]. Li,MnO;
have excess Li-ion on TM layer in order and it can also be written as LissMn;;30,
as shown in Figure 1.7(b). Here, the valence state of Mn is +4 and it is inactive.
The electrochemical activity is originated from redox of O. Thus, the oxygen
redox and anion redox has gained tremendous attraction in recent years in LiB or
sodium ion battery.

a LiMO, b Li MO, cli,M_O
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Figure 1.7 Lattice structure of (a) LiMO», (b) Li2MO3 and (¢) Li-rich cathode[47].
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The Li-rich cathode materials is related to normal layered cathode and
Li,MnOs. The lattice structure is shown in Figure 1.7(c). In 1997, Koichi Numata
et al. found solid solution LiCoO,-Li,MnOj but unfortunately, they did not charge
it over 4.5V and miss the excess capacity of this material[48,49]. Lu et al. first
found the excess capacity of Li-rich cathode over 4.5V. It is a solid solution of
LiMO;-Li;MnO3(M=Ni, Co, Mn) and shows capacity over 300mAh/g. Though
the capacity is much higher than normal layered cathode, it also has unique
problems: the severe hysteresis in 1% cycles and voltage fading during cycling, as
shown in Figure 1.8.
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Figure 1.8 Voltage curves for Li-rich cathodes. (a) Illustration of the common features,
including the activation plateau at ~4.5V and persistent hysteresis. (b) The voltage curve
changes upon discharge only after being charged through the activation plateau above 4.5 V. (c)
One potential discharge mechanism wherein the order of conventional and anion redox switch.
The discharge curve of the partially charged electrode (black) is shifted so that it overlies the
discharge curve of the fully charged electrode (blue) at the beginning of discharge.[47]

The origin of hysteresis in 1* cycle and voltage fade is related to O, release
due to the instability of oxidized O™ at surface area[7,50,51] and the TM
migration[52-54]. The former can be improved by surface coating but the latter is
much harder to solve because it is an intrinsic property of the cathode material
under high de-lithiation.



The lattice structure and electronic structure difference between normal
layered and Li-rich cathode materials, will cause interesting difference on redox
mechanism and electrochemical performance, which will be shown in the next

section.

1.3 Comparison between normal layered and Li-rich

cathode materials

1.3.1 Electrochemical performance

Before introducing the electronic structure and TM migration, the
electrochemical performance difference is shown first. This is consistent with the
research process of researcher at that time.

(d) |
&
0
(1)
S
°
< 25 & 60 mAhg ™\ ‘?
> 193 mAhg! &> '
Sa
2 248 mAhg!
1.5
0 100 200 300 400

Capacity (mAh/g)

Figure 1.9 Charge—discharge profiles of LiMno33C0033Nip3302 (red line) and
Li1.252Mno.557N10.123C00.126Al0.014202 (black line).[55]

Figure 1.9 is a typical comparison between of LiMny33C0033Nig 330, (red
line) and Li-rich cathode materials. There are two obvious “plateaus” during 1%
charge process and more capacity than normal layered cathode. However, the

charge and discharge curves of Li-rich cathode is not symmetric, which cause
10



typical hysteresis in 1% cycles. During the cycling, there is also a severe voltage
fade as shown in Figure 1.10. In contrast there is almost no voltage fade in normal
layered cathode.

4.5 -
4.0 1
3.5 1
3.0
2.5 A
2.0

Voltage (V)

E} 5I0 1 (I:'U 150 200 250 300

Capacity (mAh g™")
Figure 1.10. Charge—discharge curves for Lii 2Nio.15C00.1Mng 550> for the 1%, 24, 25t 50t
and 75" cycles.[7]

The excess capacity is from the independent oxidation of O* to O™. The
excess Li-ion and redox species bring more capacity in Li-rich cathode than
normal layered cathode.

1.3.2 Electronic structure and Transition metal migration

1.3.2.1 Electronic structure

In previous section, the difference on lattice structure and electrochemical
performance is shown in Figure 1.7 and Figure 1.9 respectively. The electronic
structure is highly related to the coordination environment and the Li-ion in TM
layer will cause an interesting coordination change and it will lead a change on
redox mechanism and electrochemical performance. Considering Li-rich cathode
and Li,MnOs; have similar lattice structure (Li-ion in TM layer) and
electrochemical properties (redox plateau around 4.5V), the electronic structure
also have the similarities.

As shown in Figure 1.11, in normal layered cathode materials, every O are
coordinated with 3 Li-ion and 3 transition metal. In this case, all O 2p orbitals
have hybridization with TM 3d, 4s or 4p orbitals. There is no localized O 2p
orbitals. The orbitals close to Fermi level usually is togand e,*, which is dominated
by TM but not O. As a result, in normal layered cathode materials, it is mainly
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TM provide and accept electron during cycling. More recently, some researchers
found the O 2p-TM 3d hybridization and ligand to metal charge transfer (LMCT)
is nonnegligible. As a result, O also attributes to redox with TM-O hybridization.
For example, in LiCoO,, Co t,, is not fully localized and has hybridization with
O 2p[41,56,57].

a b

Li-O-M

M bands

O bands

Three Li-O-M
For example, stoichiometric
layered Li-M oxides

One Li-O-Li, two Li-O-M
For example, Li-excess layered/cation- -
disordered Li-M oxides For example, Li(Liy;3M5/3)0,

Figure 1.10 (a) Local coordination around O in normal layered cathode. (b) Schematic of the
electronic structure for normal layered cathode such as LiCoOx. (c) Local coordination around
O with one Li—O-Li a in Li-rich layered or Li,MnOs. (d) Schematic of the electronic structure
for Li-rich layered cathode such as Li,MnO3.[58]

In contrast, in Li-rich and Li,MnO; materials, due to the excess Li-ion in TM
layer, some O is coordinated with 4 Li-ion and 2 TM as shown in Figure 1.10(c).
There will be a localized and nonhybridized O 2p orbital along this “Li-O-Li” axis
because Li-ion is fully ionized with O. Note that O 2p orbital is higher than most
TM t,, orbitals and Ni*" Co*" and Mn** has no electron on e,* orbitals, the energy
of localized O 2p orbital closer to Fermi level and provide electron during charge
and discharge[58,59]. More recently, some researchers pointed out that the
localized O 2p will have & interaction with TM 3d orbitals to stabilize the oxidized
O species in a way[60,61].

Figure 1.11(a) shows the localized O 2p orbitals on the top of valence band
in Li,MnOj; and Figure 1.11(b) shows the charge transfer from O 2p to Co ty, (red
circle) in LiCoO, with resonant inelastic X-ray scattering (RIXS) measurement.
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Figure 1.11. (a) RIXS map of LizMnO3, the Raman-like peak refer to localized O 2p orbital.
(b) RIXS map of LiCoO», the weak peak in red circle refer to charge transfer from O to Co.

1.3.2.2 Transition metal migration

In Li-rich cathode, the higher amount of de-lithiation bring more Li
vacancies and thus cause TM migration more easily to occur. As shown in Figure
1.12, after 1% cycle, there is a severe disorder of cation in Li-rich cathode.[53]

After the 1stcycle without the « plateau » (a-b)
(@)

Figure 1.12. HAADF-STEM images of the material recovered after the first cycle (a and b)
without the 4.5V “plateau”. (c and d) with the 4.5V “plateau” (2-4.8V).
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The migration of TM may have huge influence on hysteresis on 1% cycle
because some “Ribbon-ordered” structure (TM hard to migrate) material with
similar anion redox shows almost no hysteresis during cycling. However, due to
limitation of present characterization methods, the TM migration cannot be
observed clearly and people can only get the average information but not single
layer information. As a result, whether the migration of transition metals is
randomly disordered or segregated is still under arguing[54,62-68].

1.3.3 Redox mechanism

For normal layered cathode, the redox mechanism is simpler. As mentioned
in previous introduction, the orbital near Fermi level in LiMO,(M=Ni, Co, Mn,
with valence state of +3) is ty, or e.* orbitals. According to ligand field theory and
molecular orbital theory, TM ty, has less m interaction with O 2p. e,* is the result
of severe ¢ interaction between TM e, and O 2p orbitals but the energy level of
TM e, 1s higher than O 2p orbitals so the e,* is also dominated by TM e, orbital,
As shown in Figure 1.13(a). In conclusion, both of these orbitals are dominated
by TM with some hybridization with O.
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Figure 1.13 Molecular orbital energy diagrams of (a) AMO:2 and (b) A2MO;.The electronic

structure of M is assumed as for t2,° e, simplicity.

The Li-rich cathode is solid solution of LiMO;-Li;MnQOs;. The LiMO,
component will bring the similar redox mechanism as normal layered cathode
materials which is related to the first “plateau” in charge and discharge curves.
For Li,MnO; component, the electronic structure is shown in Figure 1.13(b). The
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second “plateau” around 4.5V is related to the redox of O and the electron is
provided by localized O 2p orbitals with only tiny hybridization with t,, orbital.

However, though the origin of excess capacity is the localized O 2p orbital,
the detailed mechanism of redox is still under arguing. Some researchers think the
O* is oxidized to O,™ which is called O-O dimmer, like peroxide bonding[69,70].
However, there is also researchers using neutron diffraction to indicate that the
shortened distance between interlayer O is far away to form a ¢ bonding, like
peroxide[71]. More recently, with the help of high resolution RIXS and neutron
diffraction measurement, the formation and participation of O, molecule have
been reported[62-64]. Meanwhile, some researcher thought the weak m interaction
between TM t, and O 2p will be strengthened at charged state because of the
decrease in atomic distance but it needs lithium sites do not aggregate.

Either hypothesis need to put the effect of TM and Li-ion migration in
consideration. As a result, the detailed redox mechanism needs multiple scales of
characterization of lattice structure and electronic structure.

Although the detailed mechanism is still a mystery, the utilization of
abundant oxygen redox and formation of a high valence state of oxygen (O™,
0<n<2) is a certain characteristic of Li-rich cathode materials. The formation of
high valence state oxygen at charged state may have influence on the thermal
behavior because it may not be stable.

1.4 Thermal behavior of layered cathode materials

1.4.1 Thermal behavior and degradation of layered cathode materials

With the increase on energy density of LiB, more and more thermal runaway
accident with layered cathode has been reported. For a commercialized LiB, the
thermal degradation is a complicated process. Generally, short circuit or charging
heat leads to degradation of electrolyte and anode and at this stage, it releases heat
slowly. But when the temperature is high enough to cause the phase transition of

cathode side, the de-lithiated layered cathode will release abundant heat very fast
15



and cause fire[12]. As a result, the thermal behavior of layered cathode is a key
point to determine the thermal safety of a LiB.

The thermal behavior of normal layered cathode and Li-rich cathode has
similarities. Both of them will have layered — spinel — rock salt phase transition,
and the spinel phase transition is the most important thermal release reaction in
LiB[13,15,16]. The in-situ heating XRD result is shown in Figure 1.14. The
orange lines indicate the start of the spinel phase transition.

=(00%)
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~4379°C
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Figure 1.14 In situ X-ray diffraction results of charged (a) 0.5LiMno33C0033Nio.3302-
0.5Li2MnO; and (b) LiMno.33C00.33N10.3302 cathode during heating from 25 to 600°C without
electrolyte.

Previous study focused on the thermal behavior on first two cycles. However,
there is a complicated change on lattice and electronic structure during the 1%
cycles and it also reflected on the electrochemical performance. For a practical
LiB, the first several cycles are carried out in factory and user uses batteries after
the first cycle. As a result, it is also important to investigate the thermal behavior
change under long-duration.

1.4.2 Differential scanning calorimetry (DSC) measurement

DSC is a technique in which the difference in energy input into a substance
and a reference material is measured as a function of temperature, while the
substance and reference material are subjected to a controlled temperature
program. In short, DSC measures the heat flow during the reaction or phase

transition.
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This measurement is a very commonly used method to study the thermal
properties of cathode materials. Figure 1.15 shows the DSC results of Li-rich
cathode material in first and second cycles. The first peak around 300°C is related
to spinel phase transition reaction and it is the main reason for heat runaway. At
around 450°C, the second peak is usually related to the degradation of PVDF
binder and carbon powder in cathode samples which is necessary for a coin cell.
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Figure 1.15. DSC curves of Li-rich cathode at different state of charge in the first (dotted line)
and second (solid line)[15]

In this research, I am focusing on the heat flow of the spinel phase transition
with long cycled Li-rich cathode materials which is related to first peak intensity.

1.5 Electrochemical characterization of cathode

materials

Much research has focused on the electronic state of cathode materials for
LiBs. As specific experimental methods, X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (XAS) are often used to elucidate the
electronic structure occupied state and unoccupied state[72-75]. Especially,
resonant X-ray photoemission spectroscopy (RXPS) is a powerful method to
investigate the valence band structure. However, due to the strong correlation
interaction of between TM and O, the electronic structure of the valence band and
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conduction band (band near Fermi level), which is directly involved in the charge
/ discharge reaction, is a complex mixture of oxygen and transition metals. So, it
still faces difficulty in distinguishing the characteristic and attribution of each
band. More recently, non-resonant X-ray emission spectroscopy (XES) and
resonant inelastic X-ray scattering (RIXS) has been utilized to investigate the spin
state evolution[76,77] and high valence state oxygen[60,63,64,78-81]. The
schematic of XAS, XES, XPS and RIXS is shown in Figure 1.16.
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Figure 1.16. Schematic of XAS, XES, XPS and RIXS

It 1s worth noting that, as mentioned in previous section, in transition metal
oxide, the TM 3d with hybridization of O 2p is usually near the Fermi level. As a
result, we need to consider energy level splitting of 3d orbitals, charge transfer
(CT) and Mott-Hubbard theory while analyzing the experimental and theoretical
results.

1.6 Purpose of this research

There are many factors and properties that can influence the application of
LiBs and one of them is the thermal safety. There are some researches focusing
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on the thermal behavior in Li-rich cathode at the 1% and 2™ cycle. However, at
long-duration (long cycles), which user may face, there is lack of research of
thermal behavior, especially in a deeper electronic and lattice structure aspect.

In order to elucidate the thermal behavior mechanism in thermodynamic and
kinetic, in this paper, I performed XAS, XPS and (resonant X-ray photoelectron
spectroscopy) RXPS to characterize the electronic structure evolution under long
duration. From the electronic structure, the lattice structure information will also
be visualized. Combining with electronic structure and lattice structure, I hope to

elucidate the mechanism of thermal behavior.

Thermal Behavior

Explai/ Explain

Lattice Structure —— Electronic Structure

Visualize
Figure 1.17. The method to utilize electronic structure characterization to explain the thermal

behavior of Li-rich cathode.



Chapter 2 Methods and Experiments

2.1 Sample preparation and electrochemical

characterization

The Li-rich cathode materials, Li; 2Mngs54Nig13C00.130, compounds, were
prepared by co-precipitation method from Institute of Physics Chinese Academy
of Sciences.

The positive electrode was made of the active material mixed with 10% of
carbon black and 10% of polyvinylidene fluoride (PVDF) in N-methyl
pyrrolidinone (NMP) solvent. The blended slurries were pasted onto an aluminum
foil, followed by cutting to 12 mm in diameter and drying at 120°C in vacuum for
10 h. The test cell consisted of positive electrode and Li metal as negative
electrode separated by a porous polypropylene film and commercialized
electrolyte for high voltage (Shanshan Co.) The charge and discharge tests were
carried out using a Land CT2001 A battery test system (Wuhan, China) in a voltage
range of 2.0-4.8 V. The current density was 25 mA/g for the first cycle and
125mA/g for subsequent cycles. At the final cycle, the cell was charged to 4.8V
with current density of 25 mA/g. All the cycling was performed at room
temperature.

The charge / discharge reaction of cathode is:
Li; ;Mny54Nip13C00130; € Liy 5 Mngs4Nig13C00130, + xLit +e”

After cycling, the charged state coin cells were disassembled immediately.
The cathode samples were washed in DMC, dried in vacuum for one night and
kept in glove box full of Ar gas.
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2.2 DSC measurement

2.2.1 Basic principle of DSC measurement

The heat flow q can be expressed as:

q/m=—c,p + H Eq (5)

Here, Cj 1s the specific heat of the sample, m is the mass of the sample, fis
the heating rate and H is the heat flow caused by enthalpy change[82]. If the
reaction is exothermic, the heat flow H is positive. Figure 2.1 shows the basic
structure of differential scanning calorimeter.

Reference

'~ Temperature and +*
Heat Flux sensors

Heat flow paths

Heating and cooling system
Figure 2.1 Structure of differential scanning calorimeter.

The sample crucible contains the sample and is placed on the sensor plate
together with the reference crucible (usually an empty crucible). The sensor is
installed in a uniform furnace body, tested according to a certain temperature
program (linear heating, cooling, constant temperature or combination). Two pairs
of thermocouples (reference thermocouple, sample thermocouple) are used to
continuously measure the difference between the temperature difference signal
and its change with time t and temperature T.
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2.2.2 Experiment method

The washed and dried cathode materials with different cycles (2", 50 and
200" at 4.8V) were scratched off from the Al current collector and put into
crucible (avoid exposure to air) with Ar gas flow respectively. The DSC
measurement was performed between 25°C and 600°C at a scan rate of 10K min ™!
under a flow of Ar gas.

2.3 X-ray spectroscopy measurement

2.3.1 X-ray absorption spectroscopy (XAS)

XAS is a measurement that utilizes X-ray to excite electrons into an
unoccupied state as a function of photon energy. The O K-edge XAS spectrum
represents the unoccupied state density of O 2p and TM L-edge spectrum
represents the unoccupied state density of TM 3d band. Since TM valence orbitals
are hybridized with the O 2p orbitals, O K-edge XAS can also reflect the
information of TM 3d, such as coordination symmetry and covalency, at pre-edge
peaks. For 3d TM compounds, the L-edge, 2p-3d XAS spectrum, reflects 3d states
such as valence state, spin state, and crystal field splitting.

In this study, O K-edge, Mn, Co, and Ni L-edges XAS were measured by the
surface-sensitive total-electron-yield (TEY) mode and the bulk-sensitive partial-
fluorescence yield (PFY) mode at HORNET station of SPring-8 BLO7LSU. The
probing depths of TEY and PFY are less than 10 nm and about 100 nm,
respectively.

2.3.2 X-ray photoelectron spectroscopy (XPS)

When a material is irradiated with high-energy X-ray, the electron is emitted
and this phenomenon is called “Photoelectric effect”. XPS is an experimental
method for measuring the energy distribution of photoelectron and obtaining the

22



core and valence electron information. The binding energy satisfies the following
equation:
Ex =hvin —Ep — ¢ Eq (6)

Here, Ej is the kinetic energy of emission photoelectron, hv;, is the
excitation energy, E}, is binding energy of selected orbital and ¢ is the work
function of samples.

In this study, O 1s, Mn 2p, and valence band were collected on 3DnanoESCA
station of SPring-8§8 BLO7LSU. Because of the high binding energy and low
concentration of N1 and Co, it is hard to get the good high-quality signal of core
level. The excitation energy is 1000eV for every measurement.

2.3.3 Resonant X-ray photoelectron spectroscopy (RXPS)

When the excitation energy is matched with the absorption energy from the
core level to the valence band, the resonant photoelectron emission occurs, as
shown in Figure 2.2. When the resonant excitation occurs, there are 2 processes.
First is the direct photoemission (set TM as an example):

pdN + hv;,, — p®dVN 1 + e~ Eq (7)
This process equals to non-resonant XPS of valence band.
The other process is:
pedY + hv;, — p°dN*1 + core hole - p®dN~1 + e~ Eq (8)

According to Fano resonance theory, quantum chemical interference
occurs[83], resulting in a significant increase on photoemission cross section of
3d electrons of selected element.

In this study, the excitation energy was chosen according to the absorption
peaks in XAS results obtained by TEY mode. It is worth noticing that the high
valence state O is not obvious in XAS result. As a result, for RXPS in O valence
band, I additionally chose an excitation energy of 531eV as the excitation of the
high valence state O. Charged cathode samples with 2", 50" and 200" cycled
were measured.
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Figure 2.2. Principle of RXPS. Set Fe as an example. [84]
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Chapter 3 Electrochemical and DSC

Experiments Results and Discussion

3.1 Electrochemical results

Figure 3.1 shows the charge (solid) and discharge (dash-dot) profile of Li-
rich cathode material under 200 cycles. The result shows a typical characteristic
of Li-rich cathode: At 1% charge process, it has “2 plateaux”, which is related to
the oxidation of TM and O, respectively. In subsequent charge and discharge, the
“plateau” feature disappears and there is no obvious oxidation stage, which means
the TM and O redox is mixed at both the charge and discharge process. Also, it is
worth noticing that there is a continuous voltage fading, as shown in Figure 3.2,
due to O; release and TM migration.
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Figure 3.1. Charge(solid)-discharge (dash-dot) curves for Li-rich battery cell with 1%t 2%, 50t
and 100" and 200" cycled.
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Figure 3.2 Discharge average voltage and voltage fading during cycling.

3.2 DSC results

Figure 3.3 (a) and (b) show the DSC profiles of the charged Li-rich cathode
samples with 2™, 50" and 200" cycles. In order to verify the reproducibility and
exclude the possibility of a short circuit during de-assembling of the coin cell, the
results of repeated experiments are shown in Figure 3.3 (b).
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Figure 3.3 DSC curves of (a) 4.8V charged Li; 2Nio.13C00.13Mng 540> at the 2™, 50 and 200"

cycles and (b) repeated experiment results.

26



At the same cycles, all the results show similar features: samples at the 2™
cycles have the lowest onset temperature (~260°C) and at the 50" cycles, the onset
temperature has a tiny increase (~275°C), which means the thermal stability has a
tiny increase in thermodynamic. However, at the 200™ cycles, the phase transition

(degradation) onset temperature drops back and is similar to the 2™ samples.

From the heat flow intensity and shape, it is obvious that at the 200 cycles,
the phase transition rate becomes slow, which means the reaction is inhibited in
kinetic. Whereas there is less change between the 2™ and 50™ cycles. The

weakening of the reaction kinetics is most pronounced in the 200 cycled sample.

3.3 Discussion and summary

In conclusion, the electrochemical characterization shows typical charge and
discharge features and voltage fading, which indicate the sample is a qualified Li-
rich cathode material. The disappearance of the redox “plateaus” and voltage
fading originated from O, release due to oxygen redox and TM migration.

The thermal behavior evolution under long-duration: the phase transition
onset temperature first increases and at around the 200" cycles drop back; the
phase transition rate first shows less change but a huge drop at the 200™ cycled
samples. All these features indicate the kinetics and thermodynamics of the
reaction have changed obviously under long duration.
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Chapter 4 Electronic Structure

Characterization Result and Discussion

4.1 XAS results

In order to investigate the mechanism of thermal behavior in Li-rich
cathode materials, the charged cathode samples of the corresponding number of
cycles are performed for the XAS measurement.

4.1.1 TEY mode results

TEY mode is a surface sensitive measurement and its probing depth is less
than 10nm. The XAS results for Ni, Co, Mn L-edge obtained by TEY mode are
shown in Figure 4.1. The poor signal-to-noise ratio of Ni and Co is due to their
small content. Ni L-edge shows an obvious evolution under long duration: the
peak intensity at 855eV shows a huge decrease. The weakening of the peak at
855eV indicates that the reduction of Ni, from +3/+4 to +2[85,86]. Mn also shows
a similar reduction from Mn L-edge. The appearance of peak shoulder at 640.5e¢V
and 641.9¢V indicate the Mn*? and Mn™, respectively[76,77]. Besides, the
absolute intensity of Mn L-edge has a decrease under long-duration and it is due
to the Mn-Ni segregation, and the concentration of Mn will decrease at the surface
area. Figure 4.1 (d) shows the visualized spectra of Mn L-edge. Both intensities
of the Mn?** and Mn>" peaks have increased. The first Mn*" peak at 641eV does
not change because it overlaps with the shoulder of Mn?" and Mn*" and the
intensity of the second Mn*" peak at 643.5e¢V have decreased which indicates that
Mn has reduction from +4 to +2/+3. However, there is less change on Co L-edge
because Co™ and Co™ have similar peaks in layered cathode materials, such as
LiCoO; and the only tiny difference is a shoulder peak at 778eV. The reason why
Co™ and Co™ are not sensitive at L-edge may be related to a substantial charge
transfer from O to Co. Though it is hard to see the valence state variation from
Figure 4.1 (b), previous research reported that Co would also have some

reduction from hard X-ray absorption results[7]. It is no surprise that the TM will
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have a reduction during cycling because the O, release cannot be 100% inhibited
if we utilize the oxygen redox[87-89].
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Figure 4.1 (a)Ni, (b)Co, (c)Mn and (d)normalized Mn L-edge XAS results obtained by TEY

mode

Compared with the electronic evolution of TM, the electronic structure of O
1s also important because O can be involved in redox in the way of TM-O and
localized O 2p redox. Figure 4.2 shows the O K-edge XAS results obtained from
TEY mode. At the pre-edge area, there is an obvious intensity decrease of the peak
at 529.5eV and increase of the peak at 531.8eV. Also, the increase of the peak
intensity at 537eV and the decrease of the peak intensity at 542.5eV occurs during
the cycling. All these features are corresponding to the formation of the spinel
phase thin layer at the surface area[50,90,91].

Combined with Ni, Co, Mn L-edge XAS results at the surface area, the Ni
reduction is not only because of the O, release in Li-rich materials but also related
to the formation of LiNigsMn; 04 (LNMO) type spinel phase. In LNMO the

valence state of Ni is around +2 and the oxidation potential is over 4.7V (vs Li'/Li).
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Besides another kind of spinel cathode LiCoMnO,; shows an even higher
oxidation potential around 5V (vs Li"/Li)[92]. Hence, it can explain why the
surface area shows electrochemical inactivity and Ni keeps +2 valence state under
4.8V. At last, those electronic structure evolution occurs during the whole cycling
process and at the 200" cycles, there are almost no layered structure signals. As a
result, combined with previous research[7,50], it indicates that the phase
transition from layered to spinel is going to a deep area from the surface during
cycling.
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Figure 4.2 O K-edge XAS results obtained by TEY mode.

4.1.2 PFY mode results

PFY mode is a bulk-sensitive(~100nm) measurement that collects the
emission photon from selected elements. In transition metal oxide, usually there
are self-absorption and saturation effects that can distort the line shape of the Ls-
edge TFY XAS results. Fortunately, the inverse partial-fluorescence-yield (iPFY)
mode can reduce the distortion in spectral line shapes better than the PFY mode.
Because the distortion is significant when the O Ka emission is strongly
dependent on the excitation energies[76], Cr and Mn usually are suitable for the
iPFY mode. Hence, in fluorescence-yield, I extract PFY mode results for all Ni,
Co, Mn and O and iPFY mode results for Mn.

The XAS results for TM obtained by PFY and iPFY mode is shown in Figure
4.3, which clearly shows that Ni shows reduction in bulk area but the degree of
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reduction is weaker than the surface and it is consistent with the fact that oxygen
loss is mainly concentrated at the surface. It is also hard to distinguish the valence
state variation from Figure 4.3 (b) because there is less difference between Co**
and Co*" from XAS results. The PFY and iPFY results of Mn is shown in
Figure4.3 (¢) and (d). It is obvious that there is difference on peak ratio and shape
between PFY and iPFY mode. But both show a very tiny peak at around 641.9¢V
which indicate the formation of Mn*" and reduction of Mn under long-duration.
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Figure 4.3 (a)Ni, (b)Co, (c)Mn L-edge XAS results obtained by TEY mode

The O K-edge XAS results obtained by PFY mode is shown in Figure 4.4.
In O K-edge XAS, the pre-edge peaks (from 528 to 533 eV) arise from exciting
an oxygen ls electron to unoccupied states that feature hybridization between
oxygen 2p and TM 3d states[41,93,94]. The decrease of intensity at the pre-edge
area is usually related to the weakening of hybridization between O 2p and TM
3d orbitals. This weakening of hybridization is consistence with the reduction of
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TM during cycling. The line shape does not have obvious change, which
corresponds to the fact that the layered structure is kept at the bulk area under
long-duration.

Less hybridization
between O 2p and

\\ TM 3d
— 2nd
—— 50th
—— 200th

I I I T T
525 530 535 540 545 550
Energy (eV)

Intensity (a.u.)

Figure 4.4 O K-edge XAS results obtained by PFY mode.

4.1.3 Discussion and summary on XAS results

At the surface area, the XAS results shows a severe reduction of TM and
phase transition from layered to spinel. The composition of the spinel phase is
LiM;,04 or M304 and the ratio of TM to O is 1:2 or 3:4. Compared with the pristine
composition Li; 2Nig 13C0¢.13Mng 540, (the TM: O ratio is 2:5), there is a severe O,
release. Because the main thermal degradation process is from layered to spinel
with O; release, the spinel phase formed at surface area is more stable than layered
phase during heating. During the heating process, the phase transition and O;
release start at the surface area first and even the bulk O also needs to diffuse to
the particle surface to be released. The stable spinel phase at surface area will
inhibit the phase transition and O, release kinetically and previous paper also
shows that artificial coating of spinel helps improve thermal stability[13].
Accordingly, the thermal degradation rate slowing down can be explained by the
formation of the spinel phase at surface area.

In bulk area, the reduction of TM can explain why the onset temperature will

have an increase from the 2" cycles to the 50" cycles[95]. However, though TM
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have reduction during cycling continuously, from the 50" cycles to the 200%™
cycles, the degradation onset temperature drops back in contrast. This indicate
that there are some other factors that influencing the onset temperature. TM ions
1s continuously reduced due to the continuous O, release. Some papers report that
there may be O defects accumulated in bulk area because of O, release. As a
results, on the one hand, the O, release during cycling will reduce the TM and
increase the onset temperature, on the other hand, it will produce oxygen defects,
resulting in a decrease in the stability of the lattice structure and a decrease in the
temperature. The schematic is shown in Figure 4.5.
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Figure 4.5. Schematic of structure evolution in surface and bulk area under long-duration. Blue
words indicate that this factor increases thermal stability, red words indicate that this factor do
harm to thermal stability.

4.2 XPS and RXPS results

4.2.1 Core level XPS results
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As mentioned in the previous chapter, the electronic structure of Mn 2p and
O 1s core level was characterized. From Figure 4.6(a), there is less change on Mn
2p spectroscopy. Previous surface-sensitive TEY mode results show that the
amount of reduction of Mn is less than that of Ni, so it can explain why Mn 2p
does not have a severe variation.

However, from O 1s XPS results, as shown in Figure 4.6(b), there is a
tremendous evolution. Considering the probe depth of XPS and RXPS is 2-3 nm,
even less than that of XAS TEY mode, the peak evolution is mainly attributed to
the CEI at the cathode particle surface. CEI is a solid mixture formed from the
complicated reaction between organic liquid electrolyte and cathode surface
during charging and discharging. As a result, O Is results not only reveal the
information from transition metal oxide but also from the organic compounds.
The peak with binding energy around 529 eV refers to the transition metal oxide.
The peak intensity decreasing at 529 eV indicates that the CEI becomes thicker at
the very surface area and transition metal oxide 1s buried during long-duration.
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Figure 4.6. XPS results of (a) Mn 2p and (b) O 1s.

The detailed analysis of O s spectroscopy is shown in Figure 4.7. It is clear
to see that the composition of CEI also has a severe change under long-duration.
The amount of “C=0" is decreased and “C-O-C” is increased under long-duration.
However, it is worth noticing that the peak fit in XPS has much subjective
influence, so the specific species of organic compounds may not be very precise
to verify. But we can still identify that the CEI has an obvious evolution under

long-duration from the line shape.
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Figure 4.7. Peak fitting of O 1s XPS results with different cycled samples

4.2.2 Valence band and RXPS results

In order to visualize the electronic structure on valence band, the XPS
measurement and RXPS measurement on the valence band are performed. Figure
4.8 shows the valence band structures obtained by XPS measurement and I choose
the peak with a binding energy of 9 eV as a normalized peak to see the relative
intensity variation near the Fermi level (0 eV). It is obvious to see that near the
Fermi level, the intensity shows a decrease which indicates that the electrons
transfer to a deeper energy level. The result shows fewer electrons at the Fermi
level and it can explain the electrochemical inactivity at the surface area from
XAS TEY mode results.
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Figure 4.8. Valence band structure of charged Li-rich cathode under different cycles
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For further distinguishing which elements attribute to the electron transfer
from the Fermi level to the deeper energy level, the RXPS measurements are
performed. Because different element has totally different excitation energy
according to XAS results, the RXPS shows element sensitivity at valence band
characterization. Figure 4.9 to Figure 4.11 show the RXPS results of Ni, Co
and Mn respectively with the chosen excitation energy from XAS TEY mode
results.

For Ni RXPS results, the 2™ cycled sample, at 1.5 ¢V and 3 eV, there is a
shoulder and a small peak. These two peaks may be related to e,* and t,, orbital
of Ni** or Ni** respectively but for RXPS there is less reference, so it needs
further experiment for confirmation. Usually, the oxidation of TM and
hybridization increase will cause a decrease in intensity near the Fermi level.
However, considering Ni has a reduction under long-duration, this phenomenon
cannot be explained by the oxidation of Ni. It is more reasonable that lattice
structure change (layered to spinel) will increase the hybridization between Ni
and O and cause the intensity to decrease.
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Figure 4.9. RXPS results with excitation energy of (a) at 853 eV and (b) 855 eV from (c)
XAS-TEY results on Ni L;z-edges.
37



Such similar intensity decrease is also shown in Co RXPS results which can
be explained by the hybridization increase due to the lattice structure change. It is
worth noticing that both layered and spinel phase has octahedral coordination.
Hence, the hybridization change is mainly because of the lattice parameter and
bond length variation between layered and spinel phases.

For Mn RXPS results, because the first Mn*" peak with excitation energy of
641 eV and Mn*" peak with excitation energy of 641.9 eV is at the shoulder of
Mn?* peak with excitation energy of 640.5 eV. As a result, the RXPS of the first
Mn** peak and Mn** peak are mixed with Mn** signal. Considering Mn*" RXPS
results have obvious characteristics that can be used to distinguish[84], here I only
show the RXPS results with excitation energy of 640.5 ¢V (Mn?") and 643.5 eV
(Mn*" second peak). As shown in Figure 4.11, Mn*" RXPS results show the same
variation with Co and Ni which refer to the hybridization change due to spinel
phase transition at the surface area. Whereas the Mn?** RXPS results show a
different variation. At the 50" cycles, binding energy with 4 eV, the relative peak
intensity shows an obvious increase which is related to the hybridization
weakening. Such phenomenon is related to Mn?* dissolving in electrolyte and CEI
forming divalent manganese salt. Hence, the hybridization changes for Mn?" are
not only between Mn and O but also between Mn and organic compounds. The
variation in Mn?" RXPS results corroborates the evolution in CEI under long-

duration.
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Figure 4.10. (a) RXPS result with excitation energy of 780.4 eV from (b) XAS-TEY results
on Co Ls-edges.
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Figure 4.11. RXPS result with excitation energy of (a) 640.5 eV and (b) 643.5 eV from (c)

XAS-TEY results on Mn L3-edges.

As discussed previously, most TM ions have stronger hybridization with O
due to the spinel phase transition. This hybridization change can also be revealed
in O RXPS results. As shown in Figure 4.12, from 2 eV to 5 ¢V, the intensity
shows an increase under long-duration. This indicates that the charge transfer
from O to TM is enhanced and it is consistent with the previous results.
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Figure 4.12. RXPS results with excitation energy of (a) 529.4 eV from (b) XAS-TEY results
on O K-pre-edges.

4.2.3 Discussion and summary on XPS and RXPS results

The XPS results show the CEI evolution during cycling. First the thickness
gets thicker under long-duration from the intensity of the TM-O peak. Second is
the composition change under long-duration. In DSC measurement, if the cathode
sample is mixed with an organic liquid electrolyte, the thermal stability will have
an obvious decrease[16,96,97]. Although the detailed reaction is very complicated
it is no doubt that the existence of liquid electrolyte will do harm to thermal
stability. Considering the CEI is also organic compounds formed from liquid
electrolyte, composition and amount of CEI may influence thermal behavior,
especially the onset temperature variation under long-duration.

b

The RXPS results show that the hybridization changes between TM and O
under long-duration. This hybridization change is due to the lattice structure
change from layered to spinel phase at the surface area. This spinel phase will
inhibit the degradation rate and increase thermal safety kinetically.
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Chapter 5 Summary

5.1 Summary

In this research, I focused on utilizing the -electronic structure
characterization to explain the mechanism of thermal behavior of Li-rich cathode
materials under long-duration.

In chapter 3, from the typical electrochemical property the samples were
qualified as normal Li-rich materials. More importantly, the DSC measurement
showed the fine evolution of thermal behavior under long-duration, the phase
transition rate change and onset temperature change. The reproducibility of the
results has also been demonstrated through multiple experiments.

In chapter 4, the XAS, XPS and RXPS measurements were performed. From
XAS results, the valence state of TM showed huge reduction at the surface area
and tiny reduction at the bulk area because of the O, release. Due to the obvious
phase transition at the surface area, the lattice structure evolution on the surface
area can also be detected by XAS measurements with the TEY mode. From XPS
and RXPS results, the electronic structure evolution of the core level and the
valence band were revealed. Such evolution on the electronic structure indicates
the growth of the CEI layer and the surface lattice-structure change.

In conclusion, the surface structure change from layered to spinel can explain
the drop of the phase transition rate. For the onset temperature, it is more
complicated and it may involve multiple factors. The reduction of TM in the bulk
area will increase the onset temperature but the O defects in the layered structure
and the growth of the CEI layer may do harm to it. The schematic is shown in
Figure 5.1
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Figure 5.1 Schematic of research conclusion.

This research explains the reasons for thermal behavior changes from the
perspective of electronic structure evolution and at bulk and surface area. Based
on the above results, some methods to improve thermal stability are proposed,
including coating a stable spinel film on the surface of cathode particles, and
controlling the growth of CEI by electrolyte additives.

5.2 .Future Plan

There are some detailed problems needed to be resolved. First, the DSC
results at the 200" cycles show 2 peak shapes that may be attributed to TM
migration. Second, the influence of the high valence-state oxygen needs to be
considered and high resolution RIXS is necessary for its characterization.

Also, in Li-rich cathode materials and other layered materials, the oxygen
redox mechanism still has many problems to be resolved. Both normal layered
cathode materials and Li-rich cathode materials show similar high valence-state
oxygen fingerprints. However, up to now, no one can explain why different
structure shows the same characteristic and I will keep researching this area.
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For me personally, I plan to learn more data analysis and theoretical
calculation methods so that I can explain the RXPS and RIXS result more
precisely.
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