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ABSTRACT

Rechargeable lithium-ion batteries (LIBs) have high power density with long cycling
life and robust structural stability. Consequently, lithium-ion batteries have obtained
increasing widespread applications in our daily lives. As the energy storage devices,
they are indispensable in the fields of portable devices, such as cellphone and laptop.
The state-of-the-art positive electrodes, however, fail to meet our increasing demand
for high capacity. For instance, typical layered cathodes LiTMO> (TM = transition
metals) are restricted to the relatively low energy density (less than 200 mAh g!). These
cathodes will not be able to meet the increasing requirements. Therefore, a lot of efforts
have been made in improving the electrochemical performance of the current materials
and searching for better electrode materials with high capacity and good cyclic ability.
Herein, Li-rich layered materials attract widespread attention as the potential candidates,
aiming to solve the capacity issues of the cathodes because of their beyond-capacity
performance and property of cathodic and anionic redox mechanism. Being one
embodiment, LixMnOs delivers a high standard of capacity (more than 400 mAh g!) in
initial cycles, providing more possibility for large-capacity cathodes.

Insertion-extraction of Li-ions accounts for the charge-discharge processes for most
conventional cathodes of Li-ion accompanied by the redox process of cationic transition
metal. However, the mechanism based on cationic redox process is unable to explain
the anomalous capacities exhibited by Li-rich materials because they can deliver excess
capacity beyond the theoretical capacity based on cationic redox process. To explain
this phenomenon, oxygen activation, then, has been proposed. Nevertheless, an in-
depth understanding of the evolution of crystal and explicit oxygen behavior exhibited
by Li-rich layered oxides is insufficient. Herein, to probe the relationship between
structural evolution and detailed pathway of oxygen activation of Li-rich cathodes, a
typical layered Li-rich material Lii2Nio2MnosO2 is investigated by various in situ
technologies, as one representation. The reversible phenomenon of O™—O~ (peroxo

oxygen dimers) bonds forming mostly along the c-axis is directly visualized.
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Additionally, the formation of the peroxo O —O" bond is calculated via density
functional theory, and the results coincide well with that of in situ Raman and X-ray
diffraction (XRD). These findings enrich the understandings about oxygen activation
in layered Li-rich oxides and pave a way to design high capacity positive electrodes
with more reversible oxygen activations for lithium-ion batteries.

We know that layered Li-rich oxide cathodes are of prime importance for the
development of high-energy lithium-ion batteries. The oxides, however, always suffer
from detrimental phase transition, resulting in irreversible capacity fade and voltage
fade. Li-rich cation-disordered rock-salt oxides are of firm structure and stable voltage
output. Unfortunately, they usually exhibit sluggish kinetics and inferior cycling
stability. Herein, a new rock-salt Li-rich oxide Li2NiisRuz303 with Fd-3m space group,
where partial cation-ordering arrangement exists in cationic sites, is reported. Results
demonstrate that Li2Nii3Ru230;3 delivers a large capacity, outstanding rate capability
as well as good cycling performance with negligible voltage decay, which is superior
compared with common Li-rich layered oxides and cations disordered oxides with
space group Fm-3m. Oxygen activation is also confirmed by first principle calculations.
Moreover, the cathode owns good kinetics with more 0-TM percolation networks. In
situ Raman results confirm the reversible oxygen activation as O?> /O™ evolution during
cycles in this type cathode for the first time.

Our findings highlight new evidence for the reversible anionic redox process in Li-
rich cathode materials and provide a deep understanding of intercalation chemistry and
new insights into the design of high-performance Li-rich layered oxides. Moreover, we
enrich the field of view for Li-rich based cathodes and pave a new way to design the
stable high rate performance materials with rock-salt structure for the next generation

of Li-ion batteries.
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Chapter 1. General introduction

1.1 Urgent demand for energy storage and applications of Li-ion

batteries

Our varied life cannot exist without energy. Original energy requires a complicated
process for energy conversion, energy storage and energy transfer until we can use in
our home. Nature contains some inexhaustible resources which we can exploit from,
such as solar energy converted from the sun, wind energy converted from the wind. [!-
2l Then we should consider how to store the energy after converting. Thus, a storage
device is indispensable to our home applications. Whenever we want to apply, the

energy storage device will supply, as shown in Figure 1.1.

Li-ion Battery

Solar Energy

Energy Storage Device Home Applications

) =

Wind Turbine

Figure 1. 1 Energy exploited from nature for home applications. Pictures are from
www.google.com/imghp?hl=zh-cn.

Li-ion batteries are used widely in our electronic applications, as one kind of popular
energy storage device, such as smartphone, portable computer, camera. These
applications are common-used devices and have a wide variety in our daily lives,
consisting an essential part for daily activities.”) In addition, there are many other

applications utilizing Li-ion batteries, telecommunications, electrical vehicles, railways,
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space applications, etc., as shown in Figure 1.2, which will be simplify introduced in

Space Applications

the following part.[*!

Consumer
Electronics

\{\‘-? L
D
Power Invertors

Electric Vehicles
(EV, HEV, PHEV)

Energy Storage System Lithium lon Batteries “

Defence /Military
Applications

=)
Marines and & ‘
Submarines b
1R
Railways
A \
Telecom Towers Solar and Wind
Energy Storage

Figure 1. 2 Applications of Li-ion batteries 4]

As described above, solar and wind energy are well-known for energy conversion
from nature, as renewable energy systems. However, the systems can only produce the
energy without storage or accumulation of energy. That means we can utilize the energy
from solar and wind for a short time. It, therefore, requires a stable and efficient device
for storing the energy. A battery is needed. Compared with other battery technologies,
Li-ion batteries own the properties of a highly efficient of quick charging process, a
large energy density for long time use, a lighter weight for portable devices. With these
reasons, Li-ion batteries are widely accepted in the field of energy storage combing a
large scale of devices.

With the excessive consumption of petroleum, electrical vehicles are becoming a

better alternative for the typical automobile as modern transportation.!”! Recent years,
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many battery technologies are proposed for electric vehicles. Considering the properties
of the electrical vehicles, which related to speed and distance, we need to adopt a new
battery system. As it turned out, Li-ion battery are the batter choice. Recently, more and
more automobile brands launched their electrical vehicles. Tesla is one representative
employing LiNio §Co0o.15Al0.0502 (NCA) as cathode for Li-ion battery, having a powerful
influence in the world. *71 And in China, BYD also has designed excellent electrical
vehicles utilizing LiFePOy4 as cathode for Li-ion battery.®]

Except for the vehicles, the subway is another essential public transport. As for
subway and extended railways systems, they have a giant network of transportation
crossing the cities and operations.”) As a result, they require a large of energy storage
and they may back up the data at any time. Meanwhile, the systems also need auxiliary
power for any eventuality. Li-ion batteries own large power density and safety, which
is the optimized option for energy storage and backup for this equipment with large
networks and operations.

Similar to subways and railways with a vast supply system, telecommunications also
possess enormous networks. With mobile phones being used on a large scale over the
past decades, telecommunications gain remarkable growth. Almost everyone owns a
mobile phone and the phone should work at any time we want. Thus, telecom
companies should supply power at any time for a whole year with their equipment and
systems, ensuring our normal requirement. So, it is important for them to possess a
high-power storage device for support. Similarly, as mentioned characteristics of Li-
ion batteries, telecommunications turn to lithium battery technology.!'”!

Some applications should be operating in extreme conditions, like a harsh
temperature environment. For instance, the transportation system in the area of equator
and North Poles, the mining activities should be supplied steadily by stable and safe
energy back up. Li-ion batteries are highly recommended for these applications because
they are reliable and safe, and they are not restricted to operated temperature, which

means they can be suitable even in extreme conditions.
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For defense and military systems, they require a high level of accuracy and security

more, such as radars and detection devices, etc.[!!

I Li-ion batteries are highly preferred
for their safety, stability, high performance, long cycling life, etc., resulting in they are
a suitable choice for a powerful energy back up.

We summarize some applications which require a satisfying battery technology. Then,
we can conclude that the battery technologies should possess the properties of safety,
stability, high rates performance and power density, long cycling life, etc., to match

complicated situations. Thus, Lithium-ion batteries have a very prospective and they

are the optimized option.

1.2 Li-ion batteries for large energy storage

1.2.1 Comparison of Li-ion batteries with other batteries

Besides Li-ion batteries, there are other rechargeable battery technologies: lead-acid
battery, nickel-cadmium (Ni-Cd) battery, and nickel-metal hydride (NiMH) battery.

Lead-acid battery was invented by Gaston Planté et al. and then commercialized for
practical use in 1859.11?! The battery is the earliest application of battery technology,
which is common in an electric bicycle. The battery produces less pollution with low
cost and well recyclability. However, the capacity is unsatisfactory which means the
battery should have large weight and large volume if we want more capacity. It is
inconvenient and has security implications. Moreover, the battery is not suitable for
rapid charge and discharge with the undesirable cycling life. Ni-Cd battery is another
battery technology without low cost. Unfortunately, the battery is environmentally
unfriendly because of Cd. Also, the battery has low capacity and unfavorable cycling
life of 500 times. Moreover, the battery has a memory effect, which means the battery
in not suitable for varied charge/discharge models.['¥! NiMH battery is the next
generation of Ni-Cd battery, with improved ~ 30% capacity storage compared with Ni-
Cd battery.!'* The battery has a longer cycling life of 1000 times and no memory effect.
However, for this battery, the price is high, and the electrochemical performance is

worse than Li-ion batteries. Lithium-ion batteries possess distinct advantages such as
4
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long cycling life (over 2000 times for LiFePOy4), lightweight, rapid charge and discharge,
no memory effect, high energy density, etc. ! Thus, Li-ion battery is the best battery

technology among these battery technologies.
1.2.2 Typical working mechanism of Li-ion batteries

It is better to understand the working mechanism of Li-ion batteries before
optimizing the performance. The typical working mechanism is based on the
insertion/extraction of lithium ions. As displayed in Figure 1.3a, a cell mainly consists
of four parts: cathode, anode, separator and electrolyte. For cathodes, we are familiar
with the commercialized LiCoO2, NCA, LiMn,0s4, LiFePOs4 and ternary cathodes. All
of the cathodes are based on lithium intercalation/extraction mechanism. And here
LiCoO; is the cathode in Figure 1.3a. For anodes, graphite and LisTisO1> are well-
known based on lithium intercalation/extraction mechanism during cycling.'®! In
addition, there are two more mechanisms. The one is conversion mechanism, such as
the anode of Si, Ge, Sn.['”2% The other is the alloying mechanism, such as MX (M =
Fe, Co, Cu, etc., X =S, O, F, etc.).?!l And here graphite is the anode in Figure 1.3a.
For separator, the most famous productor is Celgard. Glassfiber also can be used as the
separator. The separator isolates the cathode and anode. Meanwhile, it allows lithium-
ions to transfer from one side to another side. For electrolyte, lithium ions swim in the
electrolyte from one side to another. We choice the electrolyte with high ionic
conductivity but without electronic conductivity. The typical electrolytes are based on

carbonates. There also have other types of electrolytes for other lithium-ion batteries.

The processes of LIBs during charging/discharge are discussed as below:
(1) during charging, Li-ions are extracted from LiCO> and then insert into graphite

accompanied by electrons through external circuit, with the equations:

Cathode: LiCoO, — xLi" + xe™+ Li;-+CoO> (1.1)
Anode: xLi* + xe + C¢ — Li,Cs (1.2)

(2) during discharging, Li-ions are extracted from graphite and then insert into LiCoO»
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accompanied by electrons through external circuit, with the equations:
Anode: LiyC¢ — xLi" +xe"+ Cs (1.3)

Cathode: xLi" + xe”+ Li;«C00O2 — LiCoO> (1.4)
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Figure 1. 3 a) Typical working mechanism of Li-ion battery. b) Charge-discharge curves of LiCoO,

(cathode), graphite (anode) and the corresponding full cell.[??

The reactions are reversible during charging and discharging with reversible
migration of Li-ions and redox process, thus we also call lithium-ion batteries as
rocking chair batteries.

The charge and discharge profiles of LiCoO2, graphite and corresponding full cell
are shown in Figure 1.3b. Here we focus on the curve of the full cell, which can be
obtained by subtracting the curve of the anode from the curve of the cathode. Output

energy (Wh kg™ of the full cell is calculated by:
Output Energy (Wh kg'!) = Cell voltage (V) x Capacity (mAh g'!) (1.5)

Here the cell voltage is also obtained by subtracting the voltage of anode from the

voltage of cathode.
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1.3 Strategies for improving the energy density of Li-ion batteries

The capacity of anodes is always multiplied several times as large as the cathodes.
For instance, the reversible specific capacity of commercial graphite (anode) is ~ 360
mAh g! while the value of commercial LiCoO; (cathode) is ~ 140 mAh g'!. Thus, the
cathodes are very important for the full cell.

It is easy to imagine the strategies for improving the energy density of lithium-ion
batteries according to equation 1.5: increasing the cell voltage and/or increasing the
capacity. Considering that the cell voltage is obtained by subtracting the voltage of
anode from the voltage of cathode, we can only concern to improve the voltage of the
cathode and consider the anode as constant (the cathode is the research focus in this
dissertation). As for the capacity, we know that the capacity has a relationship with the
content of extracted lithium ions, which means the more extracted lithium ions, the
more capacity the cathode delivers. Considering both voltage and capacity, Li-rich
cathodes are highly preferred because they have high potential and more extracted

lithium ions, making more specific capacity and higher energy density.

1.4 Li-rich cathodes for Li-ion battery with high energy density

1.4.1 Comparison of Li-rich cathodes and other common cathodes

To intuitive understand the difference between Li-rich cathodes and other typical
cathodes, Figure 1.4a and 1.4b exhibit the difference of specific capacity and energy
density between them, respectively. The distinct difference in Figure 1.4a comes from
capacity. Li-rich layered oxides show more than 300 mAh g which is obviously larger
than others. The capacity can be comparable with the that of graphite (anode). The
voltages of them are similar.

The energy density is derived by integrating the areas of the shade, and the results
are shown in Figure 1.4b.[>*) The cell LiFePOu/graphite can be used as the battery of
electric vehicles such as BYD. Likewise, the cell NCA/graphite is well-known as the
battery of Tesla electrical vehicles, provided by Panasonic Corporation. And the cell

7
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LiCoO»/graphite is widely employed for mobile phone, portable computer, camera and
other consumer electronics. However, the energy densities of these commercial
batteries are far less than the battery of Li-rich oxides/graphite. Thus, Li-rich oxides are
a suitable choice for designing high power density Li-ion battery system. And then we

should know the characteristics of Li-rich oxides.
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Figure 1. 4 a) Comparison of discharge curves between Li-rich cathodes with some state-of-the-art
cathodes. *1 b) Comparison of energy density for full cells based on Li-rich cathodes and some state-of-

the-art cathodes with graphite anode. Copyright © 2017, American Chemical Society

1.4.2 The difference between typical layered and Li-rich cathodes

Firstly, a typical layered cathode LiNiosMnosO2 and layered Li-rich cathode
Li12Nig2Mng ¢O2 are compared. The difference comes from charge-discharge curves,
as displayed in Figure 1.5. For LiNig.sMno 50>, the valences of Ni and Mn are +2 and
+4, respectively. During the charging process, lithium ions are extracted from
LiNio.sMno 502, with the oxidation process of Ni from +2 to +4. The content of Ni in
LiNiosMno 502 is 0.5. There is just one electron transport after oxidizing the whole Ni**
to Ni*". In the meantime, there is just one lithium ions extracted from LiNiosMnosOx.
And here Mn is inactive because the oxidation process of Ni antedates Mn, after the
oxidation process of Ni, there is no more lithium ions can be extracted. For
Li12Nig2Mnyg 602, the valences of Ni and Mn are also +2 and +4, respectively. Lithium

ions are extracted from Lii2Nip2Mno.cO2 with the oxidation process of Ni from +2 to
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+4 during the charging process. The content of Ni in Lii2Nip2MnosO; is 0.2. That
means there is only 0.4 electron transport after oxidizing the whole Ni*" to Ni*'. In the
meantime, there is just 0.4 lithium ions extracted from Lii2Nip2MnosO> with a
corresponding chemical formula of Lip.sNigp2Mno 6O2. Then lithium ions continue to be
extracted from LiosNio2Mno02. Note that Ni*" is in its highest valence and cannot be
oxidized further. Mn*" also cannot be oxidized further in the octahedral site. And then

it must be the oxygen to participate in the oxidation process.
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Figure 1. 5 a) Charge-discharge curves of typical layered cathode LiNip sMng sO2.2°1 b) Charge-discharge

curves of layered Li-rich cathode Li; 2Nip2Mno 02. Copyright © 2004, The Chemical Society of Japan.

The first charging curve is separated by the green dot line for two parts, as shown in
Figure 1.5b. The shape of the first part before the line is similar to the layered
LiNio.sMno 502, named as LiTMO; part. During this part, the oxidation process is based
on typical transition metal oxidation. Then there appears one long plateau in the second
part, named as oxygen activation part. During this part, oxygen participates the charge
compensation based on anionic redox process. And this long plateau is the characteristic
of layered Li-rich cathodes, which is strikingly different from typical layered cathodes

such as LiNig.sMno.sO2. The capacity based on the oxidation of transition metal is ~ 130
9
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mAh g (extracted 0.4 Li") while the capacity based on the oxidation of oxygen is ~
220 mAh g! (extracted 0.7 Li*). The proportion of capacity based on oxygen oxidation

1s ~ 63%, which is considerable.

Typical layered cathodes Li-rich layered cathodes

Figure 1. 6 Crystalline structure of a) typical layered cathodes and b) Li-rich layered cathodes. The

diagrams are drawn by VESTA software.?%]

Both the two oxides in Figure 1.5 are layered structure. The electrochemical
performance, however, is distinctly different. To understand the difference, the
structural difference between them should be cleared. Figure 1.6 shows the crystalline
structure of typical layered cathodes and Li-rich layered cathodes. There are more
lithium ions (green) of Li-rich layered cathodes than typical layered cathodes. For
typical layered cathodes, their chemical formula can be written as LITMO.. The content
of lithium 1s one. For layered Li-rich cathodes, the chemical formula can be written as
Li[LiyTM1.y]Oz. The content of lithium is 1+y which is larger than one in typical layered
cathodes. And this is why we call “rich”.

Oxygen, transition metals and lithium arrange layer by layer in sequence for typical
layered cathodes, as shown in Figure 1.6a. For layered Li-rich oxides, the additional
lithium ions occupy the TM layers ideally, as displayed in Figure 1.6b. The structure
of layered Li-rich cathode is similar to layered structure, with difference just
replacing some transition metals in TM layers of typical layered cathodes by lithium

ions.

10
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The capacity of cathode/anodes has a direct relationship with the number of
transferred electrons in one process. And the theoretical capacity of one electrode is
obtained as follows:

(1) Relationship between Charge (Q, in coulombs) and mAh

Q=Tt(1.6)

Where Q, 1, t are charge, current and time with the unit of coulombs (C), amperes (A),

and seconds (s), respectively.

then, 1C = 1A's = (1000mA)-(z—=h) = ——

00 v mAh (1.7)

(2) Relationship between theoretical capacity (C, in mAh g'!) and transferred electrons
(n, in mole)

Here we need Faraday constant (F ~ 96485 C-mol™!), which represents the charge (C)
based on one mole (Na) electrons. When there is n mole transferred electrons during

charge-discharge process,

nF 26801xn
C ical = —— = 1.8
theoretical 3.6M M ( )

Where M is the molecular weight (in g mol™) of the active material used in the electrode.
And transferred electrons are equal to the extracted lithium ions. Li-rich cathodes
contain more extracted lithium ions. From equation 1.8, it could conclude that n is
larger in Li-rich cathodes than in typical layered cathodes. Thus Li-rich cathodes will
deliver larger capacity.

The typical layered cathodes have a similar layered structure with Li-rich layered
cathodes. What the influence after replacing some transition metals by lithium ions
besides the charge-discharge profiles? Also, they display similarity on XRD patterns,
as displayed in Figure 1.7. LiCoO: and Li2MnOs here as examples represent the typical
layered cathode and layered Li-rich cathode, respectively. Li-MnOs3 is equivalent to
Li[Li13Mn23]O2, which means 1/3 lithium occupies and 2/3 transition metal occupies
TM layers according to Figure 1.6. Actually, Li and Mn arrange as a series

of ...LiMnMn...in the TM layers, resulting in a honeycomb structure as shown in
11
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Figure 1.7b. As for LiCoO», only Co occupies TM layers, as shown in Figure 1.6a.
Their XRD patterns are calculated by VESTA ) software with a range of 20 from 10°
to 40°. there are only four peaks at this range in LiCoO> with no peaks between 20° and
35°. However, there are five more peaks between 20° and 35° in LixMnO3 (marked by
the green rectangle) in addition to the same four peaks in LiCoO». The additional peaks
are known as superlattice peaks resulting from an additional superlattice cell caused by
the ordered [LiMn>] arrays. And these additional peaks are the characteristic of Li-rich

cathodes, which can be distinguished from the typical layered cathodes.
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Figure 1. 7 Calculated XRD patterns of a) typical layered cathode LiCoO, and b) Li-rich layered cathode

LioMnOs.
1.4.3 Mechanism of oxygen activation in Li-rich cathodes

After discussing the difference of charge-discharge profile and XRD pattern caused
by additional lithium substitution, it is also unclear why oxygen in Li-rich cathodes can
be activated while cannot in the typical layered cathode. First-principles calculations

12
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are helpful to reveal oxygen activation in Li-rich cathodes. As shown in Figure 1.8, the
structural configuration around oxygen and corresponding schematic band structure of
typical layered cathode (such as LiCoO») and layered Li-rich cathode (such as LioMnO3)
are compared. For typical layered cathodes, on the sides of oxygen layer, there are TM
and lithium layer, respectively, as shown in the red dotted rectangle (TM layer) and
purple dotted rectangle (Li layer) in Figure 1.8a. Thus, the environments around
oxygen are the same, consisting of three Li-O-TM configurations. And for this type
stoichiometric layered LiTMO:> oxide, the energy band of transition metal is higher than
that of oxygen. An obvious gap separates TM bands and oxygen bands, which means it
is difficult for oxygen to participate in the oxidation process (poor electron donors)

when all the transition metals are oxidized.

a  For typical layered cathodes b For Li-rich layered cathodes

T = -

M bands
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For example, stoichiometric
' layered Li-M oxides

Figure 1. 8 Structural configurations around oxygen and corresponding schematic band structure. a) For

typical layered cathodes and b) for Li-rich layered cathodes. [*”! Copyright © 2016, Springer Nature.

For Li-rich cathodes, the lithium layer is the same as stoichiometric layered LiTMO>
oxide. TM layer, however, is different because some lithium also occupies this layer, as
shown in the red dotted rectangle (Li+TM layer) and purple dotted rectangle (Li layer)
in Figure 1.8b. For a typical example of Li-rich oxide LizMnOs3, the environments
around oxygen are different, consisting of both Li-O-Li and Li-O-TM configurations.
The difference is caused by the additional lithium at TM layers and then influences the

energy band of oxygen. For this Li-rich layered LiMnOs3 oxide, the energy band of

13
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transition metal is mixed with one band of oxygen. The increased oxygen band results
from the special Li-O-Li configuration. And for this cause, it will be possible for oxygen
to participate in the oxidation process (potential electron donors) because the energy of
oxygen is similar to the transition metals.

Here should be a brief summary of the influence after Li substitution in Li-rich oxides.
There are mainly four points. The first, charge-discharge profile is changed in Li-rich
oxides compared with stoichiometric layered oxides, represented by a long plateau at
high potential, which is a symbol of oxygen activation. The second, it is a little bit
different from the structure because there are both lithium and transition metal in the
TM layers in Li-rich oxides while only transition metal occupies TM layers in
stoichiometric layered oxides, although both types oxides own layered structure. The
third, XRD pattern shows additional peaks in Li-rich oxides, named as superlattice
peaks, resulting from the ordered arrangements of [LiMn»] arrays in TM layers.
However, there are no superlattice peaks in stoichiometric layered oxides. The fourth,
the energy of oxygen in Li-rich oxides is raised due to Li-O-Li configuration, making
the oxygen more easily oxidized. While in stoichiometric layered oxides, the oxygen
cannot be oxidized based on three same Li-O-TM configurations. And this is the reason

why oxygen can be activated and then the oxides deliver more capacity.

1.4.4 The problems and challenge in Li-rich cathodes

1.4.4.1 Lack of direct observation of oxygen behavior

As shown in Figure 1.9a, we have already known oxygen activation appears at high
potential with a long plateau till the end of the charging process. And oxygen gas is

always released from the lattice, evidenced by gas evolution test from Figure 1.9b,

g, [29-31

which can be found at the end of charge process in some work I Also, the oxygen

[29

in the lattice can be the source forming CO> and Li»COs besides O>. [**! There are

diverse ways for oxygen from O?" to other types of oxygen, as shown below:

02" >0"-0;,->0,1T (1.9

14
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02~ > 0~ > 05 - Li,CO; (1.10)
02~ 50" > 0; »C0, T (L.11)
02~ 50~ - 02~ (1.12)
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Figure 1.9 a) Typical charge-discharge profiles of Li-rich oxide Li; 2Nio.2Mno O for the first two cycles.
b) Gas evolution of Li; 2Nip2Mng 602 by operando differential electrochemical spectrometry (DEMS) for

the first cycle. 28 Copyright © 2018, Springer Nature.

The formed O, can attack the electrolyte and then generate to Li2COs. These
pathways are the possibilities for the evolution of lattice oxygen in Li-rich oxides.
However, we don’t ensure which is the main pathway. Confirmation of its pathway is
important because oxygen activation is very significant for designing large capacity Li-
ion battery systems. And we can pertinently bring forward corresponding methods to
stabilize the oxygen activation.

Many researchers have reported the evidence of oxygen activation in Li-rich
cathodes by utilizing technologies of DEMS, X-ray photoelectron spectroscopy (XPS),
and other synchrotron radiation devices. *23] However, they only confirm the oxygen
activation and the detailed pathways of oxygen are still unknown. Thus, the first
challenge for developing Li-rich oxides is lacking direct observation of oxygen

behavior.
1.4.4.2 Severe capacity fade and voltage fade
The first challenge is about the mechanism, the second is about electrochemical
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performance. For Li-rich oxides, there are additional lithium ions in TM layers,
resulting in the oxygen activation and large capacity. For the same reason, however, the
additional lithium ions will be extracted from TM layers. Then, the problems appear.
The stability of the structure is weakened because the small number of transition metals
cannot maintain the stability of the whole structure after additional lithium-ion
extracted from TM layers. Meanwhile, a crystal defect is caused by the absence of a
lithium ion. Then transition metals near the crystal defect migrate easily from their sites
to Li layers through the defect. The migration is irreversible because transition metal is
stable when occupies the octahedral site in Li layers. The fixed TMs hinders the
migration of lithium ions, resulting in the capacity decay. The inevitable oxygen loss
after charging in layered Li-rich oxides results in a phase transition, accounting for the

capacity decay and voltage decay further, as shown in Figure 1.10.
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Figure 1. 10 Typical cycling performance of Li-rich oxide with a) severe capacity fade
(Li(LioQMl’lo{sNioA1C0041)02) and b) Voltage fade ( Li(Lio,17Nio,29M1’10,5g)02). [34-35] Copyright 2019

Copyright Clearance Center.

1.5 Motivation and targets of this dissertation

1.5.1 Motivation of this dissertation

Energy storage devices are very important for storing energy from nature. There are
many battery technologies as the rule of energy storage device. Among these battery
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technologies, lithium-ion battery is the best choice because it possesses enormous
advantages such as long cycling life, lightweight, friendly to the environment, rapid
charge and discharge, high energy density, etc. While other battery technologies have
disadvantages more or less.

Cathodes are the key points of the full cell. Most of the cathodes base on
intercalation/extraction mechanism during cycling. The capacity delivered by the
cathode has a direct relationship with the number of extracted lithium ions (transferred
electrons). Li-rich cathodes contain more lithium ions than other types of cathodes. It
could conclude that Li-rich cathodes will deliver higher capacity compared with other
cathodes according to equation 1.8. Meanwhile, the special structure of Li-rich oxide
makes the energy oxygen increased due to Li-O-Li configuration. Then the oxygen with
higher energy is more easily oxidized. And this is the reason why oxygen can be
activated and then more capacity is delivered in Li-rich oxides. Thus, Li-rich oxides are
the focus of this dissertation.

However, the mechanism of the detailed pathways of oxygen activation is still
unknown. And after most lithium ions extracted from TM layers, the stability of the
structure is weakened. Then irreversible migration of transition metals appears, leading
to the capacity fade and voltage fade. So, to solve or alleviate the problems or

challenges in layered Li-rich oxide is our motivation for this dissertation.

1.5.2 Targets of this dissertation

The targets of this dissertation on layered Li-rich oxides are as follows:

The first target is to obtain direct observation about the detailed pathways of oxygen
activation. Raman spectroscopy has been employed due to the sensitivity to covalent
bonds. And many researchers applied Raman spectra to detect oxygen behavior.
However, they failed to obtain the signals because the signal of covalent oxygen bonds
is too weak to detect. In this work, surface-enhanced Raman spectroscopy (SERS) is
employed by gold nanoparticles (NPs) to improve the signal. To obtain more details of

oxygen activation, in-situ test companied with charge-discharge profiles are utilized.
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And the in-situ Raman cell in our research is shown in Figure 1.11.

gp

Layered structure Cubic rock-salt structure
(unstable) (stable)
Figure 1. 12 Schematic of layered Li-rich oxides and cubic rock-salt Li-rich oxides. The diagrams are

drawn by VESTA software.

The second target is to alleviate the capacity fade and voltage fade in layered Li-rich
oxides. Phase transition is very common in a layered structure, especially for layered
Li-rich oxides. Structural stability is the key factor to maintain capacity stability and
voltage stability. Cubic rock-salt oxides always own stable structure with firm oxygen
network. This guides us the direction and gives us inspiration. It may be feasible to
design the cubic rock-salt Li-rich oxides with a stable structure to alleviate the capacity
fade and voltage fade. The schematic comparison of the layered structure and cubic

rock-salt structure is shown in Figure 1.12.
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1.5.3 Outline of this dissertation

This dissertation contains five chapters illustrated as following:

Chapter 1 is a general instruction for the whole dissertation. In this chapter, the
background of the urgent demand for high energy storage is discussed. Some battery
technologies are compared, indicating that Li-ion battery is the best choice. Then,
layered Li-rich oxides are introduced compared with typical layered oxides. Moreover,
we also exhibit their problems. Finally, we present our motivation and provide our

method of how to deal with the problems in layered Li-rich oxides.

Chapter 2 is the experimental section of Chapter 3 and Chapter 4. In this chapter, the
synthesized method, testing condition, main operation steps and highlights of this

dissertation are introduced.

Chapter 3 is the work about the direct observation of oxygen behavior. In this chapter,
various in situ technologies such as XRD and Raman spectroscopy are employed for a
typical Li-rich material Lii2Nio2MnosO2 to investigate the structural evolution and
oxygen behavior. The reversible phenomenon of O"—O™ (peroxo oxygen dimers) bonds
forming mostly along the c-axis is directly visualized. Moreover, density functional
theory was employed to calculate the peroxo bond. Results are consistent well with our

experimental observation.

Chapter 4 is the work about improving the capacity stability and voltage stability of
Li-rich oxides by designing a cubic rock-salt structure. In this chapter, a new rock-salt
Li-rich oxide LixNii;3Ruz30s3 is reported. The oxide has advantages of high capacity
with stable cycling stability and neglectable voltage fade. Of course, oxygen behavior
was observed in this oxide during cycling for the first time, as a type of peroxo O™ —O"
bonds, which is similar to the typical layered Li-rich oxides. Moreover, first principle
calculations were employed to confirm the oxygen behavior and high kinetics in this

oxide.

Chapter 5 is the general conclusions and perspective for future research in this field.
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Chapter 2. Experimental section
2.1 Experimental section of Chapter 3

2.1.1 Synthesis of Li; »Nip2Mny O,

We choose the typical layered Lii2Nio2MnosO2 as our target material because the
oxide has the common characteristics of layered Li-rich oxides. At first, the precursor
NixMnyOH (x:y=1:3) was synthesized by using the co-precipitation method which is
very common for synthesizing this material. Reagents include LiOH H.0O (AR,
Sinopharm Chemical Reagent Co., Ltd.), NH4OH (AR, Nanjing Chemical Reagent Co.,
Ltd.), NiSO4-6H20 (AR, Enox), MnSO4-H20 (AR, Xilong Chemical Industry Co., Ltd.),
and sodium hydroxide (AR, Nanjing Chemical Reagent Co., Ltd.). All the chemicals
are not purified further. Briefly, a base solution was prepared by adding 500 mL 1 M
NHs (aq) into a vessel. After heating the base solution to 60 °C, the deoxidized aqueous
solution of metal sulfates (the ratio of Ni and Mn was controlled by 1:3) were slowly
dropped into the base solution controlled by peristaltic pumps, with a stable pH value
of ~ 9.8 maintained by NaOH (aq). The whole processes were in a protective gas of Na.
After filtering and washing adequately, a black precursor was obtained and then dried
in a drying oven at 80 °C for 10 h.

To synthesize the target Li1.2Nio2MnosO2, the as-prepared precursor NixMnyOH (x:y
= 1:3) was grinded with LiOH H20 (3 wt% excess) powders thoroughly by hands for
half an hour. The target oxide was obtained by calcining the mixtures at 750 °C for 12

hin air.
2.1.2 Characterizations

Powder XRD (Ultima Ill, Rigaku Corporation) was employed to confirm the
structure of Li1.2Nio2MngO2 with radiation from Cu Ko (A = 1.5406 A). The data was

collected between diffraction angles (26) from 10 °to 80 ° at a scan rate of 2 ° per min.
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General Structure Analysis System (GSAS) + EXPGUI suite is utilized for Rietveld
refinements.

For in-situ XRD test, a home-made cell was employed which will be introduced in
the following part. The cell was also connected to an electrochemical workstation to
the corresponding charge/discharge profiles. During test, the current density of
charge/discharge was controlled to 10 mA g*. The data of every XRD pattern was
collected between diffraction angles (20) from 12 °to 50 ° with a test time of one hour
and an interval of 5 min till the end of the charge/discharge test for the first two cycles.
GSAS + EXPGUI suite is employed for Rietveld refinements for all the in-situ XRD
patterns.

The morphologies of the materials were characterized by SEM (scanning electron
microscopy) (JSM-7000F). For SEM samples, a grain of the precursor was dropped
into 1 mL ethanol in a glass bottle with a volume of 2 mL. Then the solution was treated
with an ultrasonic processing. After ~ 10 min, the solution was dropped onto an Al film
by a dropper and dried in an oven at 60 °C. Then the sample was prepared by attaching
the Al film (with a trace of material) on a conductive adhesive. The sample of
Li12Nio2MnosO2 was treated the same as the precursor. The conductive adhesive was
placed onto a SEM sample holder and then the holder was shifted to the SEM sample
loading chamber.

XPS was characterized by a Thermo Fisher Scientific Model Ka spectrometer
equipped with Al Ka radiation (1486.6 e¢V). Before XPS test, the sample was
transferred into an Ar glove box and sealed in an airtight container to avoid the exposure
with the humidity. Exposure of the sample in air is inevitable when transferring the
sample. We assumed that the characteristics of the oxide would not be influenced within

such a short exposure time.
2.1.3 Electrochemical tests

2032 coin-type cells were employed for electrochemical measurements. The

electrodes consisted of active material, acetylene black, and polytetrafluoroethene
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(PTFE, 12 wt.%) binder with a weight ratio of 85:10:5. The electrodes were dried at 80
°C overnight after pressed onto an Al mesh. And then the electrodes were transferred
into the glovebox and assembled into the coin cells. 1 M (1 mol L™?) LiClO4 in
propylene carbonate (PC) was prepared as the electrolyte. LAND 2001A Battery
Testing Systems (Wuhan LAND electronics Co., Ltd, P.R. China) were employed for
galvanostatic testing. The current density was different according to the test conditions.
The potential window was set between 2.0 V ~ 4.8 V. The open circuit potential (OCP)
was ~3.0 V.

2.1.4 Device for in-situ XRD tests

XRD Patterns

Strip
detector

Lab X-ray source % @
Be sealed

c’é‘“%
Incident beam

G
o
In-situ XRD cell

Charge/discharge
Curves

+ -

Figure 2. 1 Schematic of device for in-situ XRD test companied with charge/discharge test

Li-ions migrate from the cathode during cycling, inducing the structural evolution.
XRD test is sensitive to the crystal structure, giving us important information about
phase transition. To obtain more details of the phase transition, in-situ XRD test was
employed. The schematic of the device for in-situ XRD test is shown in Figure 2.1.
The cell is tested for in-situ XRD and charge/discharge performance simultaneous. The
in-situ cell is homemade, with a window sealed by Be metal. The window allows X-ray
to through into the cathode and Be metal has a good permeability for X-ray. Meanwhile,

the in-situ cell is connected to one electrochemical workstation for charge/discharge
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test. Thus, we can obtain the results of a series of XRD patterns and charge/discharge
curves at the same time. To test more precise XRD patterns, each pattern was test about

one hour. And details of testing conditions can be seen in section 2.1.2.

2.1.5 Device for in-situ Raman tests
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Figure 2. 2 Schematic of device for in-situ Raman test companied with charge/discharge test

Oxygen behaviors can be detected by Raman spectroscopy because of its sensitivity
to covalent bonds. To detect a more accurate data, in-situ method is employed. The
schematic of the device for in-situ Raman test is shown in Figure 2.2. The cell is tested
for in-situ Raman and charge/discharge performance simultaneous. The in-situ cell is
homemade, with a window sealed by quartz. The window allows the laser to through
into the cathode, then the information of the cathode is obtained, and the in-situ Raman
spectra of the materials are obtained by using JASCO microscope spectrometer (NRS-
1000DT). The modified in-situ Raman cell used in this study is designed by us and
made by one corporation (Hohsen Corp., Osaka, Japan) for the Li-ion battery. Briefly,
a thin quartz window allows the Raman laser go through, fixing on the top of the cell.

Meanwhile, the in-situ cell is connected at one charge/discharge machine for
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galvanostatic test. Thus, we can obtain the results of a series of Raman patterns and

charge/discharge curves at the same time.

2.1.6 Experiment for Raman test

In this work, Surface-enhanced Raman spectroscopy (SERS) is employed by gold
nanoparticles (NPs) because the covalent bonds of oxygen are too weak to detect. In
order to collect shell-isolated nanoparticle-enhanced Raman (SHINER) signal, NPs
approximately 40 nm in diameter with a SiO> coating shell ( ~ 5 nm) were synthesized.
Au@SiO, NPs were washed and ultrasonic treated uniformly before dropped onto the
working electrodes. Then the electrodes were dried at oven before assembly. During
assembling in the glove box, the working electrode was firstly put at the bottom of in-
situ cell. Then a glass fiber was used as the separator, with a hole (diameter of 2mm) in
the middle, covering on the working electrode. The limited electrolyte of ~ 60 uL was
dropped on the separator. In the end, a lithium foil was put on the top of the separator,
with a same hole in the center as displayed in separator. The hole allows the laser reach
working electrode and obtain the Raman singal. The cell remains at rest overnight to
reach a stationary state. The OCP of the cell was ~ 3 V before subsequent tests.

A JASCO microscope spectrometer (NRS-1000DT) was employed to record Raman
spectra. The laser was focused on working electrode with 632.8 nm wavelength. A 50
xlens was chosen (Olympus America Inc.). The power of laser was controlled with a
~ 10% of the maximum 30 mW laser intensity to keep a stable Raman signal and no
damage on the working electrode. The collection time of one spectrum was ~ 10 min
with two accumulations. To obtain a reproducible and credible result, we checked at
least three places of working electrode. The spectral resolution was ca. 1.0 cm™.

The Raman signal and electrochemical curves were tested at the same time. A
machine (Potentiostat/Galvanostat PGSTAT30, Autolab Co. Ltd., Netherlands) was
controlled for galvanostatic model, companied by a software (General Purpose
Electrochemical Software, GPES) for collecting electrochemical data. The current was

controlled at a density of 5 mA g., with a potential window of 2 V~ 4.8 V.
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2.1.7 Highlights of Chapter 3

As mentioned in chapter 1, oxygen behavior accounts for the high capacity beyond
the traditional calculated capacity based on redox process of transition metal in Li-rich
oxides. Oxygen loss as a type of Oz can be detected in charging process. Thus, we can
conclude that oxygen changes to O» after oxidized process. However, we don’t know
more about oxygen behavior because there are many pathways from O* to O, (with the
possible intermediate states such as types of 02> and Oy"). It’s important to know the
substantial oxygen behavior as it can help us stabilize the oxygen behavior and improve
the electrochemical performance. Raman spectroscopy is a powerful tool to investigate
covalent bonds. Herein it can detect the states of oxygen during charging. However, the
Raman signals of covalent O-O bonds are usually too weak to obtain, which is the
reason why other researches can obtain anything. In this work, we employed in-situ
surface-enhanced Raman spectra to rise the signal remarkably and obtain more details
of oxygen behavior. As a result, oxygen behavior was directly confirmed as a type of
peroxo O-O bond, indicating that the valence of oxygen is changed from -2 to -1. More
importantly, the evolution of O* to O™! is reversible not only for the first cycle, but also
for the subsequent cycles. The findings help us to understand deeply on the oxygen

behavior in Li-rich oxides.

2.2 Experimental section of Chapter 4

2.2.1 Synthesis of L1oN1;53Ru,303

It 1s better to synthesize the cathode based on Ni and Mn so that it can be easily
compared with Lij 2Nigp2Mng 60> in Chapter 3. At first, I tried to synthesize cubic rock-
salt Li-rich cathode (Li[Li:Ni,M;.x.,]O>) based on Mn (M = Mn). However, layered
structure always be obtained rather than the cubic rock-salt structure. Then, other 3d
transition metals such as Cr and V were attamped, with a different component, ratios of
elements and sintering temperature. However, I still failed. 4d transition metals (Ru, Nb
et al.) were then considered. After repeated failure, LioNi13Ruz303heaves in sight, with
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Fd-3m space group, having the partial cation-ordering arrangement.

Li>2NiisRuz303 powder was synthesized by solid-state reactions with Li»CO3 (Wako),
NiO (Wako) and RuO»> (Wako). All the chemicals are not purified further. The starting
materials were weighed and mixed at a ratio of Li:Ni:Ru=6.12:1:2 and grinded for half
an hour with hands. Then the mixed powder was pelleted and calcined at 750 °C in air

for 15 h, subsequently followed by calcined at 950 °C for 20 h in air.

2.2.2 Characterizations

Powder XRD (Ultima Ill, Rigaku Corporation) was employed to confirm the
structure of LNRO with radiation from Cu Ka (A = 1.5406 A). The data was collected
between diffraction angles (20) from 10 °to 80 ° with an increment of 0.02 ° at a scan
rate of one second per data. The working voltage was 40 kV and working current was
40 mA. General Structure GSAS + EXPGUI suite is employed for Rietveld refinements.

For in-situ XRD test, a home-made cell was employed which will be introduced in
the following part. The cell was also connected to an electrochemical workstation to
the corresponding charge/discharge profiles. During test, the current density of
charge/discharge was controlled to 10 mA g*. The data of every XRD pattern was
collected between 20 from 15 °to 65 ° with a test time of 40 min and an interval of 5
min till the end of the charge/discharge test.

The morphologies of the oxide were confirmed by SEM (JSM-7000F). For SEM
samples, a grain of the LNRO was dropped into 1 mL ethanol in a glass bottle with a
volume of 2 mL. Then the solution was treated with an ultrasonic processing. After ~
10 min, the solution was dropped onto an Al film by a dropper and dried in an oven at
60 °C. Then the sample was prepared by attaching the Al film (with a trace of material)
on a conductive adhesive. The conductive adhesive was placed onto a SEM sample
holder and then the holder was shifted to the SEM sample loading chamber.

XPS was characterized by a Thermo Fisher Scientific Model Ka spectrometer
equipped with Al Ko radiation (1486.6 ¢V). Before XPS test, the sample was

transferred into an Ar glove box and sealed in an airtight container to avoid the exposure
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with the humidity. Exposure of the sample in air is inevitable when transferring the
sample. We assumed that the characteristics of the oxide would not be influenced within
such a short exposure time.

In situ GC-MS (gas chromatography mass spectrometry) measurements were carried
out using a homemade cell linked to one machine from Perkin-Elmer (Clarus 680 and
SQ 8S). The machine is very sensitive to the gas (CO2 and O2) generated during cycling.

And we can collect evolution of gas while charging the cell.

2.2.3 Electrochemical tests

2032 coin-type cells were used for electrochemical measurements. LNRO electrode
consisted of active material, acetylene black, and PTFE (12 wt.%) binder with a weight
ratio of 85:10:5. After pressing the electrodes onto an Al mesh, they should be dried at
80 °C overnight. And then the electrodes were transferred into the glovebox and
assembled into the coin cells. The electrolyte used in this study is 1 M LiPFs in EC/DEC
(ethylene carbonate/diethyl carbonate). And a glass fiber film was employed as
separator. The electrochemical performances were performed by employing a Hokuto
Denko HJ1001SD8 battery tester with galvanostatic model. The potential window was
set between 2.0 V ~ 4.2 V. The current density was different according to the test

conditions. The OCP was ~ 3.0 V.

2.2.4 Device for in-situ XRD tests

The schematic of the device for in-situ XRD test is similar to that which is shown in
Figure 2.1. The cell is tested for in-situ XRD and charge/discharge performance
simultaneous. The coin cell with a window was employed for in-situ test. A Kapton film
was annealed with a thermoplastic for sealing the coin cell. Meanwhile, the in-situ cell
is connected to one electrochemical workstation for charge/discharge test. Thus, we can
obtain the results of a series of XRD patterns and charge/discharge curves at the same
time. To test more precise XRD patterns, each pattern was test about 40 min. And details

of testing conditions can be seen in section 2.2.2.
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2.2.5 Device for in-situ Raman tests

The schematic of devices for in-situ Raman test is shown in Figure 2.3. The cell is
tested for in-situ Raman, charge/discharge performance and gas evolution simultaneous.
The in-situ cell is homemade, with a window sealed by quartz. The window allows laser
to through into the cathode, then the information of the cathode is obtained, and the in-
situ Raman spectra of the materials are obtained by using JASCO microscope
spectrometer (NRS-1000DT). Briefly, a thin quartz window allows the Raman laser go
through, fixing on the top of the cell. Meanwhile, the in-situ cell is connected at one
charge/discharge machine for galvanostatic test. And also, the homemade cell was
linked to one machine (Perkin-Elmer, Clarus 680 and SQ 8S) for gas collection. Thus,
we can obtain the results of a series of Raman patterns companied with

charge/discharge curves and gas evolution at the same time.
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Figure 2. 3 Schematic of device for in-situ Raman test companied with charge/discharge test and

gas evolution.
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2.2.6 Experiment for Raman test

In this work, surface-enhanced Raman spectroscopy (SERS) is still employed by
gold nanoparticles (NPs) because the covalent bonds of oxygen are too weak to detect.

Details can be found in section 2.1.6.

2.2.7 Highlights of Chapter 4

As mentioned in chapter 1, typical layered Li-rich oxides often suffer from the phase
transition caused by oxygen loss, leading to a serious capacity fade and voltage fade,
which hinders the development of Li-rich oxides. Thus, structural stability is the key
point to stabilize the oxygen behavior and electrochemical performance of Li-rich
oxides. As is known, cubic rock-salt structure is more stable than layered structure. It
is reasonable to apply the stable cubic rock-salt structure with Li-rich environment to
improve the oxygen behavior. And as a result, the electrochemical performance is
improved, which is our purpose in chapter 4. After lots of trials, a cubic rock-salt Li-
rich oxide was successfully synthesized. As a result, the oxide has an obvious
improvement on capacity stability and voltage stability. More importantly, oxygen
behavior is stable and well reversible in this cubic rock-salt structure oxide as a type of
peroxo O-O bonds. The oxide expands our sight to design high energy Li-ion battery

systems.
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Chapter 3. Direct visualization of peroxo O-O bond as the
oxygen behavior in typical layered Li-rich cathode

Li1.2Ni02MnosO2

3.1 Introduction

The applications of LIBs are very common in our daily lives, such as mobile phone
and electric vehicles.*®*°1 With our increasing demand of large energy density, the
common LIBs are can’t match our requirements.*'*4l Generally, the mechanism of
most popular positive electrodes is based on an insertion-extraction process of Li-ion,
accompanied by the redox processes of transition metal, such as LiCoO2, LiFePOs, and
LiMn2Oa4. Their capacity, however, are still limited to no more than 200 mA h g*,
hindering the development of L1Bs.[*®] To make a balance between supply and demand,
the capacity issue should be concerned. Therefore, many researches are focus on
searching for a better material which owns high capacity, long cycling life and stable
structure.[4°]

Recently, Li12Nio166C00.067Mnose7O2 was reported as one typical lithium-rich
layered oxides, with higher capacities of more than 250 mA h g1.[*7l The Li-rich
materials are well known for their excess capacity beyond the theoretical capacity based
on cationic redox process, which have attracted many researcher’s attention. There are
series of famous compound combing traditional LiNiosMnos02 and typical Li-rich
oxide Li2MnQOg, written as (1-x)LiNio.sMnos02-xLi2MnQO3z, with an equivalent formula
Li[Liq-2x3NixMn-x302] after normalization. 5% For these Li-rich oxides, the typical
explanation based on cationic redox process is defective. To account for the abnormal
phenomenon, a new mechanism based on oxygen activation, therefore, has been
proposed. Luo et al. pointed out that localized electron holes are formed on oxygen ions
with the configuration surrounding by Mn** and Li* in Li12[Nio.13C00.13Mno54]02.1°]
Seo et al. depicted that oxygens are easily oxidized due to the Li-O-Li configuration.[?”]

Sathiya et al. observed the reversible peroxo-like species formed in LiRu1-ySn,03.°!

30



University of Tsukuba Doctoral Thesis

The researchers provided their observation of oxygen behavior. However, they have no
direct especially in-situ evidence to explain the detail pathway of oxygen. McCalla et
al. visualized the O-O dimers via neutron powder diffraction and transmission electron
microscope (TEM) by using Li2IrOs as a model compound and determined the possible
limits on the value of n for peroxo-like O2"" dimers (the lower bound n = 3 and the
upper n = 3.3), leading to a further understanding of anionic redox process.?
Nevertheless, there are also lacking in an in-depth understanding of oxygen evolution
and the relationship between the structural and excess capacity in Li-rich layered oxides.
Herein, a typical layered Li-rich oxide Li12Nio2MnosO2 is our target oxide in this
chapter. The relationship between charge and discharge curves and structural evolution
of this oxide was investigated by in-situ XRD. More importantly, the oxygen activation
process was evidenced by in-situ Raman spectroscopy. Results show that the inverse
shift of (003) peak during charging has a relationship with oxygen activation, which is
confirmed as a type of peroxo O-O bond. What’s more, the peroxo O-O bond not only
appears in the first cycle, but also clearly emerges in subsequent cycles. Moreover, the
peroxo O-O bonds are speculated formed along c-axis because the inverse evolution of
c-axis accompany with the emergence of oxygen activation. Additionally, the density
functional theory (DFT) was employed to confirm the possibility of oxygen activation
and structural evolution in this case. DFT results are consistent well with our
experimental data. Our findings propose a direct evidence of pathway of oxygen
evolution, as a type of reversible process of 0%/O". It helps us to understand the oxygen
behavior in Li-rich oxide deeply and provide a guideline for designing the next
generation of cathode materials with both cationic and anionic reversible redox process

which can deliver substantially high energy density.

3.2 Electrochemical performance of Li1.2Nip2Mno.cO:

3.2.1 Morphology and structure of Li; 2Nig2Mng 0>

The compound of Li12Nig2MnoesO2 was firstly characterized by SEM companied by

its precursor materials, as shown in Figure 3.1. SEM images in Figure 3.1c reveal that
31



University of Tsukuba Doctoral Thesis

spheroidal particles with a diameter of around 8 pm are secondary particles formed
from primary nanocrystals. 53 The morphology of the particles is inherited from their
hydroxide precursors, which can be traced from the same sphere-shape precursors in
Figure 3.1a and 3.1b.

To identify the structure of Li1.2Nio.2Mno.sO2, powder XRD was performed, as shown
in Figure 3.2a. The cathode is derived from LizMnOs by using Ni?* to replace partial
Li* and Mn*" in TM layers. The XRD pattern coincides well with a monoclinic

Li,MnOs-like structure with space group C2/m, except some small peaks at ~ 21°, (54

Figure 3. 1 SEM images of precursor in different magnification. a) x 1.0 k and b) x 10.0 k. ¢) SEM

images of final Li; 2Nig2Mno¢O». The inset shows zoom in image of the particle in red dotted line.

Rietveld refinements of the XRD pattern obtained by GSAS + EXPGUI suite [*>-56]
successfully give reasonably low %? (2.72) value based on Li:MnOs model. The
calculated XRD patterns have a good match with experimental data. The detailed
refinement results of lattice parameters are shown in Table 3.1. Moreover, there are
some additional peaks at ~ 21°, which are the symbol of Li-rich materials, named as
superlattice peaks. Speaking simply, the additional peaks caused by the ordered

arrangement between Li and TM, as mentioned in Chapter 1. In the structure of layered
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Li-rich materials, the excess lithium ions occupy the position of transition metals in TM

layers, as displayed in Figure 3.2b, resulting in the additional peaks in XRD pattern.
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Figure 3. 2 a) XRD pattern of Li; 2Nig2Mng O, with Rietveld refinement. b) The diagram of the crystal

Li; 2Nip.2Mng60.

Table 3. 1 Crystallographic parameters obtained from the Rietveld refinement for the Li,MnO3 (C2/m)

phase of Lij 2Nig2Mng¢O5.

Li,MO5; (C2/m) Rwp=0.023 Rp=0.017

a=4959A, b=8.284A c=5.037 A B=109.07°

Atom site
Mn 49
Ni 49
Li 4g
Ni 2c
Li 2c
Ni 4h
Li 4h
Li 2b
Ni 2b
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3.2.2 Electrochemical performance of Li; 2Nip2Mng O,

The electrochemical tests of as-prepared cathode were performed galvanostatically
within the potential window (vs Li/Li") of 2.0 V ~ 4.7 V with the current density of 5
mA g!. Figure 3.3a shows the charge-discharge profiles during the first two cycles.
The corresponding dQ/dV curves of the first two cycles are also drawn, which can be

seen in Figure 3.4.

a b
- 5.0 :‘ oxygen activation ] = 350 S mA ol ’—. 120
S 45 : ‘ %‘ 300-;: i % 100 =
- - ] Y -
j 497 % 2501, 25mA g’ 99.1%| 80 %
= 35; ‘g 2004 =
> g =
= 3.0 g 1504 2
= ! bt F40 £
- 1 £ 100 g g
§ 2.5 Based on | w| E Based on NiZ*/4* 2 <
§2+/4 s ] lag =
SEPYY LB s “
—_—— 0 . . . ' 0
0 50 100 150 200 250 300 350 0 10 20 30 40 50
Specific capacity (mAh g) Cycle number

Figure 3. 3 a) Typical charge-discharge profiles for the first two cycles between 2.0 and 4.7 V at 5 mA
g, b) The cycling performance with coulombic efficiency at 5 mA g-!(first two cycles) and 25 mA g

!(subsequent cycles).

During the first charging process, the peaks in dQ/dV curve located at ~ 3.75 V and
4.2 V are ascribed to the separate oxidation of nickel (from Ni** to Ni** and from Ni**
to Ni*"), corresponding to a slope profile in charging curve. A sharp peak appears at ~
4.5 V, indicating the oxygen activation and corresponding to a plateau in the charging
curve. It is reasonable to assume that there have two different processes in initial
charging, evidencing by the different slope and plateau curves. The oxide delivers a
specific capacity of 350 mA h g!, corresponding to more than 1.1 extracted Li* per
formula according to equation 1.8. Note that the capacity based on oxidization process
of Ni*" to Ni*" is calculated to ~ 130 mA h g™!' (corresponding to 0.4 extracted Li")
which is far less than 350.1°% 57-38) Similarly, the capacity of first discharging is ~ 287
mA h g, corresponding to more than 0.9 reinserted Li" per formula, leading to about

0.2 Li" loss.
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Figure 3. 4 dQ/dV curves for initial two cycles of Li12Nio2MnoeO2 at 5 mA g!. The black dotted

line represents the first cycle and the red dotted line represents the second cycle

Figure 3.3b exhibits cycling performance and coulombic efficiency of this oxide.
The capacity retention after 50 cycles is 90.90% at a current density of 25 mA g* with
limited capacity decay. As we mentioned above, the total capacity is far more than that
based on Ni-induced redox process. And Mn** is in its highest valence in the octahedral
site and cannot be oxidized further.** Herein, to figure out this contradiction, we
should firstly understand the relationship between the excess capacity and the evolution

of the structure.

3.3 Phase transition in Li12N102Mno.cO2 during cycling

To unveil the lithiation-delithiation mechanism in Lii 2Nip2Mno.¢O2 during cycling
processes, in-situ XRD patterns for the first two cycles were performed, as displayed in
Figure 3.5. The XRD pattern of cathode material assembled in the in-situ cell before
the test is also shown in Figure 3.6. Most of strong the peaks are belonged to Be and
BeO marked by *. However, we only concern the peaks of Li1 2Nig2Mn¢0>. According
to Bragg’s Law depicted in Figure 3.7, an equation is shown as equation 3.1,

2dsin® =nA (3.1)
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where d is the interplanar spacing, 0 the scattering angle, n an integer number and A the
wavelength. Then we conclude that d has a direct relationship with © when A is constant.

d = nA/2sind (3.2)

2nd cycle
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Figure 3. 5 The in-situ XRD patterns of the evolution for the peaks (003) and (104), combined with
corresponding electrochemical testing result during the first two cycles for the material

Li;2Nig2Mngs0O2. The black line represents the charge process and the red line represents the

discharge process.
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Figure 3. 6 XRD pattern of Lij2Nip2Mno6O: in the in-situ mold. Peaks marked by * belong to

Be/BeO.
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Note that (003) peak directly reflects the evolution of ¢ lattice parameter of the layered
oxide. Therefore, it can be used for further understanding of the phase transformation

mechanism in the system.
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Figure 3. 7 Diagram of Bragg reflection
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Figure 3. 8 Color-coded images of the peak (003) and (104), refined c-lattice, and a-lattice
parameters during initial two cycles. The range of intensity distribution plots with reference color

bar is from 3000 to 5000.

As it can be seen, the evolution of peaks in Figure 3.7 has a reversible shift during
the first two cycles, such as (003) and (104), indicating the reversible electrochemical
processer. Figure 3.8 shows a clearer evolution of XRD patterns companied with

charge-discharge curves and refined a and c lattice parameters for the first two cycles.
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As seen clearly, (003) peak shifts to the left continuously during the charging process
before 4.5 V (the slope part). The peak then gradually shifts back to the high angle when
the charging potential is larger than 4.5 V (the plateau part). The key charging potential
here is 4.5 V. The results indicate that c lattice value increases at first until the voltage
reaches to 4.5 V according to the equation 3.2, followed by a sequential decrease. The
evolution of peak shift is inverse during discharging process, which has also been
clearly shown in Figure 3.8. More importantly, the evolution is repeatable even in

subsequent cycles.

5.00
<
g 375
S
°
> 2.50
~ 1052 ) 9
A N W
£ 105.0 0\ o 9
% ¥
~ 10438
0 200 400 600 800
Time (min)

Figure 3. 9 The charging and discharging curves of the first two cycles and changes of the Rietveld
refined unit cell volume for Li12Nio2MnoeO2. The black and red colors represent charging and

discharging process respectively.

For the reason of structural similarity between LioMnOz and LiNiosMnos02, a
hexagonal unit cell was employed to fit in-situ XRD patterns.[l The corresponding
fitted a and c lattice parameters for the structure are exhibited in Figure 3.8, for the
first two cycles, together with corresponding unit cell volume changing shown in
Figure 3.9. The fitted a-lattice parameter decreases at the beginning of charging until
the end of charging. While c-lattice parameter increases first and then decreases at high

potential during charging, as shown in Figure 3.8. The change of c-lattice parameter
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coincides well with the evolution of (003) peak. In the beginning, a-parameter
decreases may be caused by the reduced ionic radii in TM layers.[] The electrostatic
repulsion between oxygen slabs increases while Li-ions extract from Li layered sites,
accounting for an extended c-axis of the unit cell, corresponding to the shift of (003) to
lower angles.[% When charging to ~ 4.5 V, the plateau appears, indicating a different
electrochemical process emerges, which can be also revealed by the smooth change of
c-parameter and a-parameter. It is a reasonable speculate that Li-ions begin to extract
from TM slabs at this region, leading to an inverse shift of (003) peak. The variation is
consistent with the previous work. [ During discharging process, (003) and (104) peak
show a reversed evolution, indicating some opposite processes happens compared with
charging. Note that the evolution of the peaks is reversible in the second cycle,
compared to the first cycle, indicating an analogous Li-extracted/inserted mechanism,
which is consistent well with the discussion above. The phenomenon at high potential
is very interesting, both for the oxygen activation plateau at the first charge curve and
evolution of (003) peak in in-situ XRD patterns. So, we focus our attention on this high

potential.

3.4 Oxygen behavior in Lii 2Nig2Mno.cO>

3.4.1 Raman spectra of Li; 2Nip2Mng 6O, during cycling

Surface-enhanced Raman spectra was employed in this test.l®2 531 The higher capacity
in Li-rich oxides is reasonably ascribed to the oxygen-related anionic electrochemical
process.[? 6465 Thys, in-situ Raman was utilized as a powerful tool to investigate the
oxygen redox behaviors,[%2 661 the results are shown in Figure 3.10, with
charge/discharge curves for the first two cycles. Moreover, wider Raman shift region
is also shown in Figure 3.11. In this figure, there is one good reference peak (Li2CO3)
for basically entire measurements. The peak of LiCOs appears at ~ 1080 cm™ during
the charging process and then exists the whole measurements without Raman shift,
which can be a good reference peak.l®> ¢71 In addition to the overlapping stretching

modes in MOg octahedron (below 700 cm™),[%8 the variation trend of several novel
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peaks become noteworthy during cycling. When charging to ~ 4.5 V, one sharp peak
emerges, locating at 953 cm™, which is due to the adsorption of the anion in perchlorate
salt (Cl104~ symmetric stretching).[®® The related peak has a relationship with potential,

because its intensity quickly reaches maximum value due to the saturation of adsorption

and disappears in discharging process.
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Figure 3. 10 Capacity dependent in situ Raman spectra recorded during initial two galvanostatic
cycles (5 mA g!). The novel peroxo-species peak has been highlighted, and corresponding capacity
dependence of peak area (purple hollow), peak position (orange hollow) and color-coded image are
summarized, respectively. The range of intensity distribution plots with reference color bar is from

0 to 0.03. The related voltage profiles are shown for clarity.

Besides, the unique adsorption feature can be further proved by the potential-
dependent dropping trend during discharging. The change of unique adsorbed ClO4
peak is a function of potential. There is no relationship between O —O~ peak and
adsorbed ClO4 peak, which can be confirmed by an aging test. As shown in Figure
3.12, we stopped the procedure and let the cell free at the end of charging process. The
variation of Raman intensity of O —O™ peak and ClO4™ peak are obvious in Figure 3.12a
and more distinct in Figure 3.12b. The intensity of ClO4 peak decreases dramatically

as a function of aging time, resulting from the essential reason-decrease of the potential.
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The intensity of O —O™ peak, however, basically

remain unchanged with aging time.
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Figure 3. 11 In situ Raman spectra (SERS-signal) recorded during initial two galvanostatic cycles with

extended Raman shift range, which includes Li,COs-related peak (~1080 cm™) as comparison. Note that,

the formation of carbonate species would be rationally

ascribed to the parasitic reaction between

electrolyte and other active oxygen-related species (superoxide anion radical and/or oxygen), which

release from the lattice (Lij2Nip2MnosO2) upon charging (irreversible oxygen loss). This parasitic

accumulation of Li>COj is also well coincide with previous reports.[67 6
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Figure 3. 12 Aging time test of O—O™ peak and ClO4 peak
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Figure 3. 13 Raman peaks of standard materials of a) LiClO4, Li,0,, NaxO,, H,O,, and charged state

electrode and b) PC, electrolyte of 1M LiClO4 in PC and electrolyte of 1M LiPF¢ in PC.

More importantly, a new peak at ~ 850 cm™ emerges when charging to ~ 4.5 V and
increases at this region in Figure 3.10. The peak gradually disappears with the
subsequent discharge process. From Figure 3.13, we can know that this peak locates at
the typical peroxo O —O" stretch region (700-900 cm™) in peroxo-species.?® 1 The
potential of O —O™ peroxo bond appearance (for Li1.2Nio2MnosO2 is ~ 4.5 V) would be
different in other systems arising from different thermodynamic conditions, which
means the environment (such as neighboured atoms, space group) surrounding oxygen
atoms.3% 70731 The reversible variation trend of the peroxo O —O bond can also be
observed on specific high voltage plateau during the 2nd cycle. The average
concentration of peroxo O —O™ bond can be represented by relative peak area which is
also shown in Figure 3.10. Before the charging plateau of ~ 4.5 V, there are no peroxo
O —0O" bond and relative peak area appears, after which the bond appears and then
increases gradually to the maximum corresponding to the end of charging as a function
of time. In discharge process, the area decreases to zero subsequently and exhibits a
reversible evolution during the 2nd cycle. Moreover, the formation of the newly-
proposed peroxo O —0O™ bond can be resulted from the extracted-Li from Li/TM layer
according to the obtained XRD results (Figure 3.8). During charging at 4.5 V plateau,
peroxo O —O" stretch appears and shifts to higher wavenumber, indicating the decrease
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of peroxo O —0O~ bond length in peroxo-species.[5!1 As a reference of peroxo O —O~
bond length (1.28 A in Li,O2 where peroxo O—O™ bond located at 790 cm™ and 1.48
A in H20, where peroxo O —O bond located at 878 cm™), the bond length range in
Li12Nio.2Mno.602 can be empirically considered as 1.28 A ~ 1.48 A.I"4" Moreover, the
peroxo O —0O" bond tends to be formed along the c-axis (not in ab plane), combining
with the decreasing trend of c-axis length during ~ 4.5 V plateau (Figure 3.8), which is
also consistent well with the mechanism proposed by related DFT simulations.t® In
this case, the causality among Li extraction/insertion, the variation of c-axis and the
formation/decomposition of peroxo O —0O" bond can be rationally unified together.
Consequently, the operando observation and assignment of real peroxo O"—O™ bond in
typical layered Li-rich oxide provides new and direct evidence for the reversible anionic
redox chemistry and detail pathway of oxygen behavior for understanding Li-rich
cathode materials, which is essentially different from the peroxo-like (O2)™-based
redox process proposed by previous ex-situ XPS analysis.[5% 64 77]

The phenomenon of adsorbed ClO4™ peak coupled with peroxide species in Figure
3.10, however, made a confusion because it seems ClO4 may be an additional source
for O —O" dimers. We have confirmed that the adsorbed ClO4 peak is potential-
dependent and has no relationship with O"—O™ bonding. Furthermore, we did a similar
experiment in LiPFs (1M in PC) and a similar phenomenon appears in Figure 3.14. A
new peak (O —O7) at ~ 850 cm™' emerges and increases during the 4.5 V-related
charging plateau, and gradually disappears with the subsequent discharge process,
similar to the phenomenon in LiClOs-salt electrolyte. Another similar phenomenon is
that a new peak at ~ 1080 cm™ emerges and increases during the charging process and
without decrease even in discharging process, which can be assigned to Li»COs.
Moreover, the adsorbed PF¢ peak appears until the end of charging process, which is
also potential-dependent.

There is one more question: what is the result if we don’t employ SERS? The Raman
spectroscopy data without nanoparticles is also shown in Figure 3.15. No peaks can be

seen in the peroxo O™—O" stretch region the whole charging and discharging process if
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without nanoparticles. We know that SERS is always employed by covering silver or
gold on the surface of target. The laser will excite surface plasmons of silver and gold,
then the electric fields surrounding the metal increase significantly. Given that Raman
intensities are proportional to the electric field, there is a considerable increase in the
obtained signal. ["®7%1 And this may be the reason why there is no Raman signal of

oxygen bonds in other’s paper.
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Figure 3. 14 a) Typical charge-discharge profiles between 2.0 and 4.7 V with electrolyte of 1M LiPF¢ in

PC at 10 mA g! and b) in situ Raman spectra recorded during initial galvanostatic cycle.
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Figure 3. 15 a) Typical charge-discharge profiles between 2.0 and 4.7 V with electrolyte of 1M LiClO4
in PC at 10 mA g! and b) in situ Raman spectra without nanoparticles recorded during initial

galvanostatic cycle.
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3.4.2 XPS analysis Of LillzNio,zMn(mOz

XPS Ol1s

'Surface R, Lattice oxygen (O%) |
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Figure 3. 16 Oxygen 1s XPS spectra of the charged Li;2Nip2MngsO> electrode at 4.7 V, which were
collected in the surface, after Ar* etching 300 s and 600 s. The grey, blue, green, and pink areas represent
the lattice oxygen (O%), lattice oxygen (0.%), surface deposited species and electrolyte oxidation,

respectivily. The brown area may be caused by the oxygen deficiencies.

XPS is another powerful tool to analyze oxygen behavior. Moreover, to understand
the formation of O —O~ dimers in the bulk or in the surface, depth analysis was
employed etching experiment. Result reveals that the peroxo O —O™ bond exists both
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in the surface and in the bulk (Figure 3.16). XPS spectra were obtained from the surface
of the charged electrode at 4.7 V and that after different times of Ar"-sputtering. Before
etching by argon sputtering, peaks were observed at ~ 529.5 eV, 530.5 eV, 531.5 eV,
and 532.8 eV which are assigned to lattice oxygen (O%), lattice oxygen (02%), surface
deposited species and electrolyte oxidation, respectively. The peaks and their positions
are consistent well with Tarascon and co-authors’ works.’! 5192 ¢4 After argon
sputtering, the peak assigned to electrolyte oxidation disappears. The spectrum after
etching 300 s is as same as that after etching 600 s, meaning the internal structure was
obtained after sputtering 300 s. Obviously, the peak located at 530.5 eV (bule area) can
be clearly seen after sputtering, which is assigned to peroxy oxygen dimers (the brown
area may be caused by the oxygen deficiencies®*-#!1). Herein, the peroxo oxygen dimers
exist both in surface and in internal. Note that, the composition of the electrode may
change after sputtering, however, the result can be reliable after some concessions we

made in etching time and pattern quality.(

3.5 DFT calculations for Li;2Nip2Mno.cO>

3.5.1 DFT calculation model

Lithium honeycomb ordering is common in many lithium-excess compounds,
corresponding to the additional superlattice peaks in XRD pattern. However, the
honeycomb structure is short-range order because of the non-uniform distribution of

1571 Tt means that there exist mixed

the cations (Li, Ni, Mn) in transition metal layers.
ordering types such as honeycomb-type and straight-type in transition metal layers.>”
831 Here, we present the detailed reasons why we chose the straight-type model for first

principle calculation, after considering the several configurations in transition-metal

layers.
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Figure 3. 17 Honeycomb ordering of Li atoms in the transition metal layer of lithium-excess
Li; 22Nig22Mng 5602 compound. The white, purple, green and red spheres represent Li, Mn, Ni and O

atoms, respectively.

In our calculations, the honeycomb type ordering of excess lithium atoms was studied.
Considering the balance between computing workloads and the accuracy of the
calculation model, a lithium honeycomb type ordering structure with the composition
of Li1.22Nip22Mno 5602 is built, as shown in Figure 3.17. Although the composition of
Li1.22Ni0.22Mng 560; 1s slightly different from our experimental Li;.2Nip2Mno.60O3, it can
well represent the local honeycomb ordering of lithium atoms in Lij 2Nip2Mng6Ox.
Thus, we investigated the peroxo bond formation in the fully delithiated
Li; 22Nig22Mno 5602 compound, whose honeycomb ordered Li atom in transition metal
layer are fully extracted to represent the charging final structure. The corresponding
energy barrier of the peroxo bond formation in it is depicted in Figure 3.18. It can be
seen that forming a peroxo bond with the O"—O™ bond length less than 1.46 A (a typical
value of peroxo bond)!®*! in this lithium honeycomb type structure is endothermic, more
than 1 eV ~ 96 KJ mol!, and needs to overcome a very large energy barrier of 1.44 eV.
Such high energy barriers of peroxo bond formation also can be found in LioMnO3
compounds, 0.6 - 1 eV.I’¥ Generally, the thermal vibration energy of an atom is KT, ~

0.026 eV at 300 K, which is far less than the energy barrier for the peroxo bond
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formation, so the possibility of forming peroxo bonds in the lithium-excess compounds
with the local lithium honeycomb type structure in Lii2Nigp2MnoeO2 during the
charging and discharging process at room environment is extremely low.

16
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Figure 3. 18 Energy barrier (¢V) of the peroxy bond formation in fully delithiated Li; 22Nip2:Mng 5602
compound with honeycomb orderings of Li atoms at the end of charging (Insets are the local structures

for peroxo bond formation, including initial structure, transition state structure and final structure).

We calculated the relative energy of some other Lii2Nio2MnoO: structures with
different lithium atom orderings in the transition metal layer, as shown in Figure 3.19.
Refer to the case 1 with dispersive lithium atom orderings, the relative energy of case
5 structure with local lithium straight-type tripolymers is 35.45 meV atom’!, slightly
more than the room temperature atom thermal vibration energy ~26 meV atom™, but
far less than the high temperature atom thermal vibration energy ~101.67 meV atom’
at the synthesizing temperature of 900 °C. Therefore, the lithium straight-type
tripolymers in some local areas of our experimental case are highly possible, and they

are also observed in some other lithium-excess compounds, such as

Li1.15Ni.47Sbo 3802.[%%]
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Figure 3. 19 The relative energy (in meV/atom, and referred to case 1) of Li;2Nip2Mno 02 compounds

with different lithium atom orderings in the transition metal layer.

In addition, we have investigated the peroxo bond formation in these
Li12Nig2Mng 02 structures in Figure 3.19. Similarly, forming peroxy bonds in these
structures are difficult with larger energy barriers compared to straight-type tripolymer
structure. While the local lithium straight-type tripolymers model (Figure 3.20) is
beneficial for the formation of peroxy bonds without energy barrier, which is a
spontaneous exothermic process. Therefore, the local lithium straight-type tripolymers
model in DFT calculations can explain the formation and evolution of peroxy bonds
during the charging and discharging process of our experiment.

All calculations were carried out by using the projector augmented wave (PAW)
method®™! in the framework of DFT®® as implemented in the Vienna ab-initio
Simulation Package (VASP). The generalized gradient approximation (GGA)®"! and
Perdew—Burke—Ernzerhof (PBE) exchange functional® was used. The periodic
boundary condition approach was used. The plane-wave energy cutoff was set to 450
eV. The Monkhorst-Pack method!® with 1x4x1 k-points mesh was employed for the
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Brillouin zone sampling of the structural relaxations of Lij2xNiop2MnosO2. The
convergence criterions of the energy and force were 10™* eV/atom and 0.05 eV A,

respectively.

Figure 3. 20 The optimized crystal structure of Lii2Nig2MnoeO>. The green, silver, purple and red

spheres represent Li, Ni, Mn and O atoms, respectively.

3.5.2 Results of DFT calculations for Li; 2N1yp>Mng O

There are many forms of oxygen behavior, including the typical irreversible oxygen
loss in the Li-rich materials, such as the formation of Oz, Oy". %3671 Qur observation
of a reversible oxygen behavior with the generation of O2* dimers is different.
Moreover, the oxygen activation is sustainable in the subsequent cycle. Furthermore,
the first-principle calculations for the Li1.2-xNio.2MnosO2 systems have been performed
to better understand the formation of the peroxo O —O™ bond during cycling. The excess
lithium ordering in the transition metal layer of Li12Nio2MnosO> is very complicated,
which mixed with other different types of local ordering.% However, the
Li12Nio2MnoeO2 with honeycomb ordering of excess lithium atoms experiences an
energy barrier of 1.4 eV for the formation of peroxo bonds, compared to 0.6-1 eV of
Li,MnOs3,4 which is not realistic to occur during the room temperature cycling (see

Figure 3.17 - Figure 3.19 for detailed discussions). Here, we are especially interested
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in Li12Nio2MnosO2 with local straight-type tripolymers (Figure 3.20), where the

formation of peroxo bonds experiences no energy barrier during charging.

Figure 3. 21 Charge density distributions (yellow isosurfaces = 0.2 ¢ A=) of the Lij 2, Nip2Mng Oz
systems (x = 0.6, 0.7, 0.8, 0.9, 1.0 and 1.1) with peroxo O-O bonds (in black dotting circles) during the

charging and discharging processes.

Thus, the Liz.2Nio.2Mno 6Oz crystal structure was built using a 5>2x1 supercell of the
R3m LiMnO_ with local straight type. Partial Mn atoms are replaced by Ni and Li atoms
(Figure 3.20). Firstly, the Liz2Nio2MnosO2 crystal structure was relaxed, and the
optimized lattice parameters of Liz2Nio2MnosO> unit cell are a = 14.49 A, b =5.81 A
and ¢ = 14.26 A, respectively, which coincides well with our XRD refinement results.
Then, the crystal structures and atomic positions of the different charge states of Liy .-
xNio2MnosO2 systems (x = 0.6, 0.7, 0.8, 0.9, 1.0 and 1.1) were relaxed. The
corresponding charge density distributions were also shown in Figure 3.21. Lithium

51



University of Tsukuba Doctoral Thesis

atoms in lithium layers are preferentially divorced from the Li1 2.xNig2MnoeO2 cathode
during the initial charging process (x from 0 to 0.6), without any observation of peroxo
0O-0 bond. When charging to high potential of ~ 4.5 V (i.e., x = 0.7), some excess
lithium atoms in the TM-layers begin to extract from the structure, and two adjacent O
atoms of the MnOs octahedron near the excess lithium vacancies get closer to each

other.

Table 3. 2 The peroxo O-O bond length (in A) of the Lij2Nig2Mng 02 systems (x = 0.6, 0.7, 0.8, 0.9,

1.0 and 1.1) during the charging and discharging processes

0-0 bond1 0-0 bond2 0-0 bond3
Lig gNig,Mng 5O, \ \ \
Lip sNig,Mn, 60, 1.343 \ \
Lip 4Nig,Mn, 60, 1.315 1.415 \
Lig sNip ,Mng 6O, 1.314 1.348 1.350
Lip ,Nig,Mng 6O, 1.306 1.308 1.341
Lip 1Nig,Mn, 60, 1.305 1.307 1.310

Moreover, remarkable electrons between these two closer O atoms can be observed
(yellow isosurfaces in black dotting circles), demonstrating the formation of O™—O~
covalent bond. The corresponding bond length is calculated to be 1.343 A (Table 3.2),
which is much shorter than 2.6 A of interatomic distance between adjacent O atoms in
MnOg octahedrons, and even shorter than 1.49 A of the peroxo O™—O~ bond length in
Li-rich LizMnO3 system[®4. The Bader charge represents charges transfer of one atom,
which is shown in Figure 3.22. The O atomic charges of the special O"—O™ bond in
LiosNio2Mng O cathode are larger than those in LiosNio.2MnosO2 and other O atoms
far from the excess lithium vacancies. All these evidence indicate the formation of the
peroxo O"—O" bond between x = 0.6 and 0.7, corresponding to the specific capacity

between 190 and 220 mA h g, which is consistent with the in-situ Raman spectra data.
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During the final charging period (x = 0.8 to 1.1), more and more peroxo O —O" bonds
form with smaller bond lengths and more positive O atomic charges, which is also
consistent with the variation trend of Raman shift and relative peak area of OO~

bonds in our in-situ Raman spectra data.
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Figure 3. 22 Atomic Bader charge (e) of the peroxo O-O bonds of the Lij »-xNip2Mng¢O> systems (x =

0.6,0.7,0.8,0.9, 1.0 and 1.1) during the charging and discharging processes
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3.6 Summary and conclusions
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Figure 3. 23 Schematic representation of the density of states (DOS) of Li; 2Nip2Mng 0> during charge

process.

Here we can summarize some discussions as follows:

Firstly, during charging process before 4.5 V, Li-ions extract from Li-layers
accompanied by the oxidization process of Ni>*#*, corresponding to ~ 130 mA h g,
And then, oxygen activation occurs till the end of the charging because both Ni and Mn
are in their highest valence in the octahedral site.[®? Oxygen activation becomes the
main resource for charge compensation at the plateau of ~ 4.5 V. There are 1.2 Li* per
formula in Li12Nio2MnosO2 and there will be 1.1 Li* extracted from the structure,
indicating that Li+ can be extracted from both Li-layers and TM-layers. The different
two processes represent the smooth shift of c-lattice parameter to lower value firstly
and then to higher value at charging process. The participation of Ni?* and oxygen
involvement during the charging process are shown Figure 3.23. The redox of Ni and
oxygen behavior also account for the charge compensation during discharging process.
The changes of c-lattice parameter show a cooperation effect including the reinsertion
of Li* into the structure, the reduction of Ni, and the reversible anionic (O/0%) redox
process. Moreover, combining the changes of peroxo O—O™ bond length in Raman

results with the variation tendency of c-axis length in XRD results, the formation of
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peroxo O—O" bond is speculated along the c-axis, which is also confirmed by the DFT
calculations.

Corresponding conclusions are shown here:

A typical layered L-rich oxide Lii2Nio2MnosO2 was systematically studied. We
directly visualize the structural evolution and oxygen activation which as a form of
peroxo O —O" bond. Oxygen activation has the responsible of high capacity in Li-rich
oxides. The accompanied extracted Li-ions have a relationship with ¢ axis and the
reversible anionic redox process, which are consistent well with the DFT calculations.
Moreover, both cationic and anionic redox processes are reversible even in subsequent
cycles. The findings provide new direct evidence for the reversible oxygen activation
process in layered Li-rich oxides and pave a new way to understand the intercalation

chemistry and design Li-rich layered oxides with high performance.
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Chapter 4. A new type Li-rich rock-salt oxide

Li2NisRu2303 with reversible oxygen activation

4.1 Introduction

LIBs have been applied successfully in our daily lives.”’! They are very common in
the fields of portable devices as the energy storage devices. However, the state-of-the-
art positive electrodes, fail to meet our increasing demand for high capacity.[*>>°4 For
instance, typical layered oxides LiTMO: are restricted to relatively low energy
density.” Layered Li-rich oxides have high capacity and property of cathodic and
anionic redox mechanism, as introduced in Chapter 3, herein, focusing widespread
attention aiming to solve the capacity issues.!?” 2% 51961 Li;MnOs3, one representative,
delivers a high standard of capacity (more than 400 mAh g!) in initial cycles, giving
our more possibility for designing large-capacity cathodes.”’! Although Li-rich
cathodes own large specific capacity, they suffer from serious capacity and voltage
decay, restricting the further development of these materials.”®**1 Therefore,
xLi2MnOs3-(1-x)LiNio.sMno.sO2, as the series of derivate Li-rich material cathodes, are
the promising substitutes with equivalent capacity and improved stability, drawing

100-106] However, the derivate cathodes also suffer

extensive attention of the researchers.|
from the common failure of phase transition during cycling, as displayed in common
layered oxides, degrading the electrochemical performance.l'””! The proposed phase
transition mechanisms in typical layered Li-rich materials are shown in Figure 4.1. We
have identified that oxygen participates in the charge compensation with the reversible
reaction of O*/O in Chapter 3. In this Chapter, we concern the stability of capacity
and voltage of Li-rich materials.

Recently, the cation-disordered rock-salt materials are found to be the promising
cathodes with stable NaCl type structure, a space group of Fm-3m, stable network and
high capacity. In general, LITMO- always show electrochemically inactive with rock-

salt structure because of the low diffusion dynamics for 0-TM diffusion in

stoichiometry LiTMO,.1'%! A percolation mechanism reported by Ceder et al. makes a
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major breakthrough in active diffusion channels for cation-disordered materials. The
authors pointed out that it is essential to generate diffusion pathways (0-TM channel in
“o-t-0” mechanism) by adding excess Li (= 9%).['%! Inspiringly, a series of Li-rich
cathodes with high capacity have mushroomed based on cation-disordered rock-salt
structure. Yabuuchi et al. reported the LisNbOs-based system electrodes. Chen ef al. put
the material further to investigate detailed redox chemistry in Lii 3Nbg3Mng40,.[1%-111]
Ceder et al. reported Mn?>"*" redox oxyfluoride based V system, Nb system
(Liz2Mn2;3Nby202F) and Ti system (LixMn2Ti200F).['2113] The cathodes exhibit
evident advantages of chemical and structural stability, and high capacity. However, the
voltage stability, cycling stability and high rate performance are also inferior, although
the cathodes possess firm structure and stable voltage output.[''*! Meanwhile, the Li-
rich cation-disordered rock-salt oxides usually exhibit the sluggish kinetics. Herein, a

new rock-salt type cathode Li2Ni13Ru2305 (hereafter denoted as LNRO) is propounded

aiming to promote the cycling stability and voltage stability.

Change in Crystal Structures

As-Prepared 4.4V Charge Voltage Plateau 4.8V Charge 2.0 V Discharge
before voltage plateau 0, after voltage plateau
487 oxygen Migrated
release Metal lon
‘ Charge Discharge
Li-layer = ‘ =P % % “ % (b
Discharge ch
Me-layer —p E—— arge
«
lithium at 3a sites R Structural I
Li,.Me,,0, LiMe,,0, Sarrangemon LiMe,.0,.. LiMe,0,,,
(Me = Co, Ni, and Mn) (x=09) “_m)-- (x=09)
oxygen loss (~ 7.5 %) (LMol LudulLi Moyl b1
metal migration (~ 5 %)
Ni”/Ni*" and Co™/Co*" redox reaction Ni*/Ni, Co™/Co"" and Mn™/Mn*" Redox
(Oxide ions also contribute to redox reaction at high voltage.)

Figure 4. 1 Schemes of the proposed phase transition mechanisms in typical layered Li-rich material.[*°]

Copyright © 2011, American Chemical Society.

Results demonstrate that Li>NiisRuz30;5 cathode delivers a large capacity,
outstanding rate capability as well as good cycling performance with negligible voltage
decay, which is superior compared with common cations disordered oxides with space
group Fm-3m. Oxygen activation is also confirmed by first principle calculations.
Moreover, the cathode owns good kinetics with more 0-TM percolation networks.
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Oxygen activation still investigated by in situ Raman, as reversible O* /O~ evolution
during cycles in this type cathode for the first time. These findings broaden the sight
for developing a stable Li-rich oxide with high cycling performance including
reversible oxygen activation and without voltage decay by controlling the special
structure. The results also enrich the Li-rich material family and provide more

possibility for the next generation of cathodes.

4.2 Crystal structure and DFT calculations of Li2Nii3Ru2303

4.2.1 Morphology and structure of Li;Ni;;3Ru,303

= T Ni e Experiment
oo LIZN I 1/3Ru2/303 Calculated
- B Difference
3 1mmm T T T g | Fd-3m
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)
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Figure 4. 2 Morphology and structure of the cathode Li,Nii;3Ruz303. a) SEM images. b) The diagram of
the crystal LioNijzRu303. ¢) XRD patterns of LioNiisRu303 and the corresponding Rietveld

refinement.

The material LNRO was then characterized by SEM (TOPCON DS-720 instrument)
and powder XRD, as shown in Figure 4.2a and 4.2c. The aggregates are secondary

particles composed by the primary nanoparticles with a diameter of ~ 200 nm. The rapid
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kinetics of LNRO is beneficial to the nanometer sized grains, which with the reduced
diffusion distance of ions and electrons. The schematic diagram in Figure 4.2b exhibits
the crystal structure, making a better understanding of this material. Note that the
structure of LNRO is different from that of the cation-disordered rock-salt NaCl type
oxides, in which all cations occupy the same 4b site, such as Li-Mn-V-O-F system and

Li1 25Nbo 25V 502 reported by Ceder et al. and Yabuuchi et al., respectively.!!'% 1121 |

n
Li2Ni13Ru2303, which can be also written as Li(Lii3Ni2oRu49)O2, there is one Li
occupies 16c site, Ni, Ru and residual Li occupy 16d site, isostructural with the ordered
Fd-3m rock-salt LiFeO,.1!"5! All the cations and anions occupy the center of the

octahedron, coordinating eight neighbor atoms.
Table 4. 1 Refinement results of LNRO in Figure 4.2c.

Li,MO; (Fd-3m) Rwp=0.10 Rp=0.07

a=b=c= 8.3767A, a=p=y= 90°

Atom site X y z OCC.heo OCC.refined Uiso
Li1 16¢c 0 0 0 1 0.885 0.290
Nil 16¢ 0 0 0 0 0.115 0.037
Li2 16d 05 05 0.5 0.333 0.448 0.019
Ni2 16d 0.5 0.5 0.5 0.222 0.105 0.160
Ru 16d 0.5 0.5 0.5 0.445 0.445 0.029
(0] 32e 0.2558 0.2558 0.2558 1 1 0.063

Moreover, LNRO was characterized by XRD, as shown in Figure 4.2¢. Results
indicate that most diffraction peaks coincide well with a cubic structure with the space
group of Fd-3m except some small peaks at ~ 21°. The additional peaks are
characteristic of Li-rich materials, similar to the typical layered Li-rich cathode. GSAS
+ EXPGUI suite were utilized to obtain the Rietveld refinements results.[>>® The
calculated peaks are well overlapping with that of the experimental, with the lattice
parameters a = b =c=8.38 A, a =B =7 =90° and a rational low y (3.41) value based
on Fd-3m space group (see detailed results in Table 4.1). LiMn20O4 also belongs to Fd-

3m space group, which should be noted, presenting a similar XRD pattern with that of
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LNRO. The differences are that Li in LiMn2O4 occupies 8a site which is the center of

the tetrahedron, while Li occupies the center of octahedron in the rock-salt Fd-3m type

LNRO.[I 16-117]
4.2.2 Computational methodologies

First principle density functional theory calculations are employed to better
understand the advantages of this special Fd-3m structure and electrochemical
characteristics of LNRO. A 6 x 6 x 2 supercell of the Fd-3m primitive cell has been
constructed to capture both the position and potential cation disorder within LNRO
compound.

The atomic structure of LNRO has been constructed from the Fd3-m space group.
To be consistent with experimental observations, the 16c¢ sites are set to be occupied by
Li* or Ni** while 16d sites are set to be occupied by Li*, Ni*" or Ru’". A 6 x 6 x 2
supercell of the Fd-3m primitive cell has been constructed to capture both the position
and potential cation disorder within Li>Nij3Ru2303 compound. To estimate the
equilibrium cation ordering of Li*/Ni**/Ru’*, all the possible orderings within the
supercell have been enumerated and ranked by electrostatic interactions while 20
structures with the lowest electrostatic energy are selected. This framework has been
adopted previously in a variety of disorder rock-salt materials with reasonable accuracy
[27]'so it should be able to offer a reasonable description of cation ordering in Li-Ni-
Ru-O system as well.

For the identified low energy structure, first principle DFT calculations are then
performed for structural optimization. The Perdew-Burke-Ernzerhof (PBE) functional

and projector augmented-wave (PAW)!!®!

method are adopted using the Vienna ab
initio simulation package (VASP). Meanwhile, a Hubbard like U of 6.0 eV [11120] hag
been applied for Ni to capture the localization effect of d orbitals. In each calculation,
an energy cutoff of 700 eV was adopted while higher cutoff will have and energy

difference of less than 0.01 eV. When performing the structure optimizations, the

system is regarded as converged when the force per atom is less than 0.01 eV/A. After
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structural optimization, the cation ordering with the lowest energy is used to analyze

the potential redox mechanism.

4.2.3 DFT results of L1,Ni;3Ru,30;

LisRu Li,RuNi

(b) (©) Q
\

A LizRu,Ni 0-TM channel

4 (d) E ; (e) O

Figure 4. 3 Atomic configurations and local ordering of Li>NijsRuys. a) Demonstration of cation
ordering; The identified local ordering of O-M (M = Li,Ru,Ni) bonds: b) LisRu; ¢) LisRuNi; d) LizRu,Ni.

e): Demonstration of 0-TM channel identified.

Representatives of the cation ordering are demonstrated in Figure 4.3. It has been
pointed out that that the energy of oxygen can be raised due to Li-O-Li configuration
and then the oxygen can be easily oxidized, as reported in previous research.[?7- 2% 10]
Several local ordering configurations are identified and three of them are demonstrated
in Figure 4.3b - 4.3d, with the analysis of the local ordering in the simulation cells
obtained by DFT calculations. It has been found out that the Li-O-Li will not only be
formed within Li rich local environment (LisRu in Figure 4.3b) from all three types of
local ordering, but can also be observed in transition metal rich environments (LisRuNi
in Figure 4.3¢ and Li3RuxNi in Figure 4.3d). As is proposed in the previous report, the

formation of Li-O-Li configuration will contribute to the oxygen activation by

generating new Li-O-Li states that are much easier to be oxidized (structure of 0-TM
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channel in Figure 4.3¢). The fact that there are many Li-O-Li configurations in the low

energy structure obtained already reveals the tendency of easier oxygen activation.

a b
0.4 — 3d-Ni2*

< 0.24 —2d-0%

2 0.0 .

T 0.2 e

W04 -

W el Li-O-Li
-0.84 Lo Uy
10 L|2N|1/3Ru2/303

DOS (a.u.)

Figure 4. 4 a) Electronic structure of Li;Ni;3Ru2303 using orbital projected density of states (PDOS). b)

Schematic demonstration of energy distributions from different orbitals.

Moreover, it can also be observed that below Fermi level, there has been a large
density of O 2p states, which also overlaps strongly with the 3d-Ni** states, as shown
in the projected density of states (PDOS) in Figure 4.4a. A schematic band alignment
has been visualized in Figure 4.4b, which will give a better idea of the energy level
distribution. The phenomenon described above indicates the fact that large amounts of
oxygen states will be activated in LNRO, just as the typical layered Li-rich oxides.
During charging process, oxygen activation will compete with oxidation process of
transition metal. Meanwhile, the observation of 0-TM channel in such composition also
reveals the fact that Li percolation will be also facilitated due to the Li-Ni-Ru cation
disorder. For the typical disordered rock-salt materials, all the cations are regarded as
randomly distributed so all sites are occupied with equal probability by different cations.
The nearly full occupied 16c¢ sites in LNRO indicates the short-range ordering of Li in
a certain region of the lattice. This special configuration will contribute to form the
percolation network with more connected 0-TM channels, resulting in a better kinetic

behavior than the typical disorder rock-salt structure.
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4.3 Phase transition in Li2Ni153Ru230;3 during cycling

4.3.1 Charge-discharge curve of Li;Ni;3Ru,303

The electrode was tested at the galvanostatic model with a current density of 10 mA
gl. The typical first charge-discharge cycle was exhibited in Figure 4.5. Note that the
valence of Ru here is +5 and it cannot be oxidized further.* According to equation
1.8, the theoretical capacity of Li2Ni1sRu2303 can be calculated as ~ 120 mAh g based
on the cationic redox process of Ni?*/Ni**, corresponding to 0.67 extracted-Li* from the
crystal, which has marked by the green area. The theoretical capacity is apparently
lower than the total charge capacity, which is ~ 312 mAh g, corresponding to ~ 1.8
extracted-Li" from the crystal. The oxide demonstrates a considerable capacity and the
capacity is reasonable caused by the oxygen activation, which is similar to the typical
layered Li-rich oxides and will be discussed detailed later. The first discharge capacity

is 260 mAh g, indicating a better coulombic efficiency than layered Li-rich oxides.
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Figure 4. 5 Typical charge-discharge profile of Li;Nii3sRuz303 between 2.0 and 4.3 V with the current

density of 10 mA g’
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4.3.2 Structural evolution of Li,Ni;3Ru,303 during cycling
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Figure 4. 6 In-situ XRD patterns of Li>NiijsRup303 during the first charge discharge process,

accompanied by the color-coded images.
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Figure 4.7 The comparison of XRD patterns between thermoplastic and Li>Nii3Ruz305 in in-situ cell.
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As shown in Chapter 3, in-situ XRD is a powerful tool to investigate the structural
evolution of electrode during cycling. Here, in-situ XRD was employed for LNRO,
with the clearer color-coded images as displayed in Figure 4.6. A coin cell has been
specially adapted for in-situ test, with a window sealed with a Kapton film by annealing
with a thermoplastic. The symbols # and * in Figure 4.6 represent the peaks of
aluminum and thermoplastic, respectively. In contrast, the separate XRD pattern of
thermoplastic is also shown in Figure 4.7.

All the peaks shift slightly from their original positions and exist the whole process
in Figure 4.6, demonstrating good structural stability. Most peaks shift to a higher 20
angle during the charge process and return to the original angle during the discharge
process. The electrode holds a stable rock-salt structure with the space group of Fd-3m,
guaranteeing a stable migration of Li-ions and electrochemical performance. Noting
that there appears one small peak near (111) peak. As is well known, the spinel Fd-3m

material exhibits a similar XRD pattern with this rock-salt LNRO.

4.3.3 XPS analysis of LioNi;3Ru,303 during cycling

Ni2p 3/2 Ru3d O1ls

Discharge to 2V

linterstitial
site

Charge to 4.3V 3¢

satellite

pristine ¥

870 865 860 855 850 284 282 280 534 532 530 528 526 524
Binding energy/(eV) Binding energy/(eV) Binding energy/(eV)

Figure 4. 8 The XPS results of Ni2p, Ru3d and Ols for the samples of pristine, charge to 4.3 V and

discharge to 2 V, respectively.
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XPS results show more findings and details, as displayed in Figure 4.8. Ni spectrum
shows a pair of peaks for the pristine LNRO, which can be assigned to Ni?* and satellite
peak.[121"1221 The peaks located at 529.3 eV and 282.5 eV belongs to lattice O* and Ru’",
respectively.['?*) Ni?* peak shifted to a higher binding energy at ~ 4.3 V charging
potential, which is assigned to Ni*". Due to the occupation of Li or Ni at tetrahedron
site (due to “o-t-0” diffusion mechanism), there appears a new small peak at 851 eV.['??l
Moreover, the interstitial site also exists in Ni spectrum accompanied by Ni*" reduced
to Ni** after the electrode discharging to 2 V. The results of Ni 2p indicate that there are
atoms occupy the tetrahedron center (8a site) during cycling, accounting for the
appearance of a new peak near (111), which can be assigned to (111)spinetl. This peak
then, can be obtained the whole process, consistent well with the XRD patterns and
irreversible interstitial atoms revealed by XPS data. Ru peak exhibits an unusual shift
to a lower binding energy, which is well consistent with the phenomenon observed by
Tarascon et al. in Ru-based Li-rich materials, attributing to the strong electronic
redistributions along with the Ru-O bonds during charging.°" 71 In O 1s spectrum,
there is a special peak located at 530.3 eV, which is a symbol of oxygen activation,
consistent well with DFT calculations and the high capacity in the initial cycles. More
importantly, Ru®>" peak returns to its original position without any reduced process
during discharging process. And the oxidized O was simultaneously reduced to O,
indicating a reversible process between charge and discharge. XPS results confirm the
companied peak near (111) in XRD and the charge compensation mechanism. From
these data, however, we only know that oxygen participates the redox process, while

the detailed form is still unknown.

4.4 Oxygen behavior in Li2Ni13Ru2303

It is well known that the oxygen activation is responsible for the higher capacity in
Li-rich system.[?- %] We showed the reversible O*/O redox process in typical Li-rich
layered cathode Li; 2Nip2Mno O in Chapter 3.'1%! However, the detailed pathway of

oxygen in Li-rich rock-salt oxides remains unknown. Herein, to confirm the oxygen
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behavior in LNRO, in-situ Raman has been employed because it is sensitive to oxygen

behaviors, (6% 124]
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Figure 4. 9 The results of in situ Raman spectra for the initial two galvanostatic cycles (20 mA g!)
corresponding to the capacity-potential curves and the in-situ GC-MS results of gas evolution rates
for CO; and O,. The novel peroxo-species and superoxo-species peaks have been highlighted, and
corresponding peak intensity (green and purple hollow circles) and peroxo peak position are

amplified, respectively.

Raman results are exhibited in Figure 4.9 accompanied with electrochemical
charge/discharge curves for the first two cycles at the current density of 20 mA g
Some peaks change remarkably during cycling. In addition to other peaks we can’t
concern, the regions from 800 cm™ to 900 cm™ was our focus, which represent peroxo
stretch as discussed in Chapter 3. The peak around 1100 cm™! is assigned to superoxo
stretch. For peroxo stretch, a peak located at 827 cm™ is clear when charging to ~ 4.0
V potential, which is known as 02> (peroxo O —O~ bond). The peak turns to a higher
wavenumber till the end of charge process, indicating gradual shortening of the peroxo
O —O" bond length. Then, the peak turns back to its original position. The length range
of the peroxo O"—O" bond, just as indicated in Chapter 3, can be empirically regarded
as 1.28 A ~ 1.48 A. "] Around 860 cm™! there is one small peak in the whole
charge/discharge process, which can be assigned as electrolyte. Note that the peak of
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0,% reemerges at a same potential during the second charging process, and then fades
away during the discharging process, which is similar to the first cycle, indicating a
good reversibility of oxygen activation process. The results are consistent well with the
large capacity in Figure 4.5 and the XPS analysis. For superoxo stretch (O27) located at
1104 cm’!, the peak appears synchronously with the peroxo O-O bond during the first
cycle. However, this peak disappears in the subsequent cycles, indicating that the
superoxo stretch may be ascribed from some unstable oxygen atoms. The comparison
of peroxo stretch and superoxo stretch is also enlarged in Figure 4.9. Furthermore, the
gases of Oz and COz produced during cycling are recorded by an accurate in-situ GC-
MS measurement, as displayed in Figure 4.9. The evolution of O gas is same as that of
superoxo (O2’) in Raman spectra, which reaches its maximum at the end of charge. There
also exists evolution of CO; gas, similar to Oz and superoxo (O2’), indicating that CO> gas
is produced by the decomposition of the electrolyte which may be attacked by Oz". There is
almost no evolution of CO; and O during the subsequent cycles, which is consistent with
the trend of O2", further demonstrating the gases are activated by O2". Note that the signal of
peroxo O,* is still robust, indicating that O,* is the main form of oxygen behavior during
cycling. Consequently, in-situ Raman results provide solid evidence of the reversible
oxygen activation process in Li-rich rock-salt LNRO, with the form of 0%, which is

similar to the typical layered Li-rich oxides.

4.5 Electrochemical performance of Li2Ni13Ru2303

4.5.1 Charge-discharge curves of Li,Ni;sRu,50s5 at different densities

From here, we concern the electrochemical performance exhibited by this Li-rich
rock-salt cathode LNRO. Figure 4.10a shows the first two cycles of LNRO at low
current density. The second profile shows a similar curve shape with the first cycle,
indicating consistency of the redox process in LNRO, which is different from the
typical layered Li-rich layered materials. There is one plateau at the high potential in
the first cycle while the plateau changes to a slope in subsequent cycles in typical

layered Li-rich materials. Figure 4.10b presents the electrochemical curves at different
68



University of Tsukuba Doctoral Thesis

current densities. The capacities at 20, 50, 100, 200, 500 mA g* are 227, 179, 150, 115,
and 84 mAh g?, respectively. Figure 4.10c exhibits the corresponding cycling
performance. The capacity decreases when the current increases, then recovers to a high
level when the current density return to 20 mA g%, demonstrating LNRO a robust ability

of capacity recovery.
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Figure 4. 10 Electrochemical performances of Li2Nii3Ru2303 as the positive electrodes. a) Typical
initial two charge-discharge profiles between 2.0 and 4.3 V with the current density of 10 mA g-'.
b) Rates performance of the electrode with the current density of 20, 50, 100, 200 and 500 mA g’!,

respectively. ¢) Cycling performance of the electrode at the different current density.

4.5.2 Improvements of Li,Ni;sRu,303 on suppressing capacity fade and

voltage fade

As displayed in the introduction part (Chapter 4.1), layered Li-rich materials always
suffer from phase transition during charging process, leading to severe capacity fade

and voltage fade. We have identified that cubic rock-salt type LNRO has robust
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structural stability and characteristic of oxygen redox. Naturally, we want to know

whether LNRO suffers from similar problems.
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Figure 4. 11 Electrochemical performances of Li>NijsRuz303 as the positive electrodes. a) Rates
performance of the electrode at different current densities. b) Cycling performance of the electrode at a
high current density of 200 mA g!'. ¢) Cycling performance of typical layered Li-rich cathode for

comparison, with serious capacity decay. 3! Copyright 2019 Copyright Clearance Center.

Figure 4.11a exhibits rates performance for every 5 cycles at the current densities of
20, 50, 100, 200 and 500 mA g, corresponding to Figure 4.10c. Then, the current
density recovers to 50 mA g until the end of 120 cycles. The capacity holds well at
this current density, with an excellent capacity retention of ~ 97 %. Moreover, cycling
performance of LNRO are also shown in Figure 4.11b at 200 mA g* (the current
density of the first two cycles is 10 mA g* for activation process). The material
maintains excellent capacity retention of ~ 91 % after 200 cycles, with an initial and
last capacity of 130.8 and 119.6 mAh g? at 200 mA g7, respectively. In contrast,
layered Li-rich cathode Li(Lio.2Mno.eNio.1C00.1)O2 shows inferior capacity retention,
with a value of ~ 68 % only after 100 cycles, as shown in Figure 4.11c. The severe
capacity fade exhibits a tremendous difference compared with LNRO, indicating a good
capability of suppressing capacity decay in LNRO. And the purpose of improving
capacity stability is achieved!

LNRO shows good capacity retention, we also concern about the problem of voltage

decay. Then, the normalized charge-discharge profiles are tested at the current density
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of 200 mA g* for the first 200 cycles, as shown in Figure 4.12a. The trend of voltage
decay is unnoticeable with the overlapping profiles, revealing the outstanding stability
of LNRO at high current density. In contrast, layered Li-rich cathode shows a serious
voltage decay, as shown in Figure 4.12b. And the purpose of improving voltage

stability is achieved!

Rock-salt Li,Ni, ;sRu, /50,
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Figure 4. 12 a) The charge/discharge profiles of Li;Nii;3Ru»303; with normalized capacity for the first
200 cycles at the current density of 200 mA g!. b) Normalized capacity of typical layered Li-rich cathode

for comparison, with serious voltage decay. ** Copyright 2019 Copyright Clearance Center.
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Figure 4. 13 The comparison of XRD patterns for the pristine LioNij;3Ru2303 and cycled electrode after
50 cycles.
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Furthermore, the XRD patterns of the pristine and the electrode after 50 cycles are
displayed in Figure 4.13 for comparison. All peaks of the cycled electrode are indexed
to the cubic Fd-3m space group, coinciding well with the pristine oxide, further

demonstrating LNRO a structural stability.

4.5.3 GITT test of Li,Nij3Ru,303

Galvanostatic intermittent titration technique (GITT) was utilized to analyze the
kinetics of LNRO during cycles and reveal the reason of excellent cycling stability
presented by LNRO. The diffusion coefficient (D) can be determined by inducing
Fick’s second law of diffusion based on some reasonable assumptions, as shown in

equation 4.1 after simplifying:

bu =252 (R) @

T

Where Vi, is the molar volume of the LNRO, ny, is the mole number of the reactive
electrode, S is the area of electrode, 7 is the limited time period, AE; and AEs are the
total change and the change in the steady state potential during the current flux by

125

subtracting the IR drop, respectively.l'>>) The parameters were labeled in Figure 4.15

for both charge and discharge process.
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Figure 4. 14 GITT results of LioNii;3Ruy303 for the first cycle with the variation of quasi-equilibrium

potentials and the calculated Li* diffusion coefficient.
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Figure 4. 15 a) The potential profile for a single titration at 3.84 V during charge process with labelling
the different parameters. b) The potential profile for a single titration at 3.83 V during discharge process

with labelling the different parameters.

The cell was charged/discharged at the potential window of 2-4.3 V with a current
density of 10 mA g™!. For the GITT test, the cell was performed with current flux for 1
hour and then rest for 5 h to obtain a quasi-equilibrium potential. The process was
repeated until after the first cycle. As shown in Figure 4.14, the red line represents the
derived potential curve, and the blue line represents the corresponding quasi-
equilibrium potential curve. Meanwhile, the calculated Dy; is also represented by the
purple circle, according to the equation 4.1. Dy; ranges from 103 to 10! cm?s™! vary
with the potential. The values are much larger than the reported cation-disordered Fm-
3m rock-salt oxides and typical layered Li-rich oxides.!!?!: 1261281 The kinetics of Fd-3m
rock-salt LNRO is in close proximity to Fd-3m spinel LiMn2Og, indicating that LNRO

e [129

has the capability of high rate electrochemical performanc I A dramatic advantage

of LNRO is high Dy, which ensures its prospective high rate performance.

4.6 Conclusions

In summary, a rock-salt type oxide Li2Nii;3Ru230; with a space group of Fd-3m is
successfully synthesized. Both cathodic and anionic redox processes are observed in
this oxide, resulting in a more than 300 mAh g™! at the current density of 10 mA g!. In-

situ Raman spectra confirms the oxygen activation in this rock-salt Li-rich oxide for
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the first time, as a form of O*/O" redox process. Moreover, the oxide exhibits an
excellent rate performance with a high capacity retention of ~ 97 % and ~ 91% after
100 cycles at 50 mA g and 200 cycles at 200 mA g™!, respectively. Due to a better
kinetic process and structural stability, the oxide displays not only a high capacity but
also a better rate performance with negligible voltage decay compared with cations-
disordered rock-salt Li-rich oxides and layered Li-rich oxides. Furthermore, DFT
results demonstrate that LNRO possesses the short-range ordering of Li in a certain
region, leading to a better kinetic behavior. The findings extend the sight of Li-excess
based oxides and pave a new way to design the stable high cycling performance
materials with high capacity and neglectable voltage decay for the next generation of

Li-ion batteries.
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Chapter 5. General conclusions and perspectives

5.1 General conclusions

In this dissertation, we have systematically introduced Li-rich oxides as the high-
power density cathodes for Li-ion battery. Layered Li-rich oxides have two main
problems: the one is about the unclear mechanism of oxygen activation, the other is
severe capacity fade and voltage fade. For the first problem, we employ in-situ Raman
spectroscopy to directly visualize detailed pathways of oxygen activation because it is
a powerful tool to detect oxygen behaviors. However, the signal of covalent oxygen
bonds is too weak to detect. Thus, surface-enhanced Raman spectroscopy is applied to
increase the signal. For the second problem, we design a cubic rock-salt Li-rich oxide
with a stable structure to alleviate the capacity fade and voltage fade because structural
stability is important to maintain the capacity stability and voltage stability and cubic
rock-salt oxides always own stable structure with firm oxygen network. The main
conclusions are shown as follows:

In Chapter 3, the purpose of the direct observation of oxygen behavior is
implemented. Oxygen participates the redox process for charge compensation in
layered Li-rich cathodes, as a type of peroxo bonds. And the peroxo bonds reversibly
appear during subsequent cycles, although the shape of charge-discharge curve for the
first cycle is different from subsequent cycles. (Chapter 3.4). The peroxo bonds tend
to form along c axis, which is confirmed by DFT calculations. (Chapter 3.4 and 3.5)
The DFT calculations are well consistent with in-situ Raman and in-situ XRD results.
(Chapter 3.5)

In Chapter 4, the purpose of alleviating the capacity decay and voltage decay is
achieved. Cubic rock-salt Li-rich oxide LixNiisRuz303 possesses stable lattice
networks with high structural stability. Both cathodic and anionic redox processes
participate the charge compensation in Li2Nii3Ru2303, as well as the typical layered
Li-rich oxides. (Chapter 4.3 and 4.4) The oxygen behavior is confirmed as O?/O" redox
process by employing surface-enhanced Raman spectroscopy. (Chapter 4.4) And this
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pathway of oxygen behavior is reported in cubic rock-salt Li-rich oxides for the first
time. the material maintains an excellent rate performance with a high capacity
retention of ~ 97% and ~ 91% after 100 cycles at 50 mA g and 200 cycles at 200 mA
gl respectively. Meanwhile, the voltage decay is negligible in Li>NijsRuzs30s.
(Chapter 4.5) The special structure helps to open more 0-TM percolation networks,
leading to better kinetic behavior. (Chapter 4.2 and 4.5)

In general, the proposed mechanism of the detailed pathway of oxygen behavior
gives a better understanding of Li-rich oxides. And of course, there exist other types of
oxygen behavior, resulting in irreversible oxygen loss such as forming O: and/or
Li2CO3. We need to stabilize the reversible peroxo bonds and inhibit other types of
oxygen. Structural design is an effective method to improve the reversibility of oxygen
such as cubic rock-salt Li-rich oxide Li>Nii3Ru2303, stemming from its robust
structural stability. And in this research, we just provide one access to improve the
electrochemical performance of Li-rich oxides. Our proposes are put forth in the hope
that they would attract more proposes. And we hope the results will contribute to the
development of Li-ion battery technology for towards high power density, long cycling

life and low cost for large scale storage systems.

5.2 Perspectives

Oxygen activation in Li-rich oxides greatly increases the capacity. The energy of O
2p state is raised due to the special Li-O-Li configuration, making a possibility for
oxygen to participate oxidation process. And the concept can be adopted in sodium-ion
batteries because of the similarity between Li and Na. There are two configurations
when replacing Li by Na, namely Na-O-Na and Na-O-Li configuration, as shown in
Figure 5.1a and 5.1b. Furthermore, Nay;3[Mgo2sMno.72]O2 also has a similar feature
with Li-rich oxides, exhibiting an excess capacity based on oxygen redox, which
indicates excess alkali-metal is not necessary to active oxygen redox, as shown in

Figure 5.1c. Thus, the oxygen activation possesses a great scope to develop high power
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density battery technologies, which would reach far beyond Li-ion battery, Na-ion

battery, etc.

a Na-O-Na configuration b Na-O-Li configuration € Na-O-Mg configuration

2 ) v Nag g[Lip ,Mn4 10, \\\," Na,/;3[Mg,sMny 7,10, ™
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Figure 5. 1 Oxygen activation in sodium-ion batteries due to a) Na-O-Na configuration, [!** b) Na-O-Li
configuration, 3% and ¢) Na-O-Mg configuration. 311 Copyright © 2017 Elsevier Inc. Copyright © 2018,

Springer Nature.
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