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Abstract

P2- and P3-type Nay7Mng67Nig 330, materials are potential cathodes for sodium ion
batteries. P3-type Nag7Mng¢7Nig330, demonstrates higher initial discharge capacity
(233 mAh-g'l) in the voltage range 1.5 - 4.5 V than P2-type Najs7;Mny ¢7Nip330x.
However, the severe capacity fading in P3-type Nag 7Mny 7Nip 330, hinders its practical
utilization as cathode for sodium ion batteries. Using X-ray absorption spectroscopy
(XAS) measurements we investigate the redox mechanism of Mn and Ni and the local
structural changes around Mn and Ni during cycling. The experiments show that the
preferential occupancy of Na around Ni and the high redox activity of Ni mainly affect
the expansion and shrinkage of TMO, layers resulting in capacity fading in P3-type
material. In order to improve the cycling performance of P3-type material, we design a
special core-shell design method to produce P3-type Nay¢7Mng7Nig330,. The core of
the precursor is designed as Ni rich material and the shell is as Mn rich material. The
core-shell designed P3-type material delivers higher specific capacity (240 mAh-g™) in
the voltage range 1.5 - 4.5 V and better cycling performance in the range 2.0 - 4.1 V.
The rate capabilities of the core-shell designed P3-type material are better than those of
the normal P3-type material. Using operando XRD measurements, we investigate the
structural evolution of P3-type materials. In the following, the core-shell designed P3-
type Nag.¢7Mng ¢7N19330; is utilized as cathode for fast cycled sodium ion batteries. The
cycling retention of P3-type material with core-shell structure is 89% after 1500 cycles
of fast charge and discharge. Using XAS, we investigate the redox mechanism of Mn
and Ni during fast and slow cycling. The reason for better cycling performance of the
core-shell designed P3-type material is further studied from the sight of local structural
changes around Mn and Ni.
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Kurzfassung

P2-  und P3-NagsMnge7Nig330,-Materialien sind mogliche Kathoden  fiir
Natriumionenbatterien. Nay ¢;Mng 67Nip 330, vom P3-Typ zeigt eine hohere anfingliche
Entladekapazitit (233 mAh-g') im Spannungsbereich von 1,5 bis 4,5 V als
Nage7Mng67Nig330, vom P2-Typ. Das starke Nachlassen der Kapazitit von
Nay 7Mng 67Nip 330, vom P3-Typ behindert jedoch seine praktische Verwendung als
Kathode fiir Natriumionenbatterien. Mit Rontgenabsorptionsspektroskopiemessungen
(XAS) untersuchen wir den Redoxmechanismus von Mn und Ni und die lokalen
Strukturdnderungen um Mn und Ni wéhrend des Zyklus. Die Experimente zeigen, dass
die bevorzugte Besetzung von Na um Ni und die hohe Redoxaktivitit von Ni
hauptsichlich die Ausdehnung und Schrumpfung von TMO,-Schichten beeinflussen,
was zu einem Kapazititsschwund in Material vom P3-Typ fithrt. Um die
Zyklenfestigkeit von P3-Material zu verbessern, entwickeln wir eine spezielle Core-
Shell-Konstruktionsmethode zur Herstellung von Nag ;Mng ¢7Nig 330, vom P3-Typ. Der
Kern der Vorstufe ist als Ni-reiches Material und die Hiille als Mn-reiches Material
ausgeflihrt. Das Core-Shell-Material vom P3-Typ bietet eine hohere spezifische
Kapazitit (240 mAh-g"') im Spannungsbereich von 1,5 bis 4,5 V und eine bessere
Zyklenleistung im Bereich von 2,0 bis 4,1 V. Die Leistungsfdhigkeit des Core-Shell-
Materials Material vom Typ P3 ist besser als das normale Material vom P3-Typ. Mit
Hilfe von Operando-XRD-Messungen untersuchen wir die strukturelle Entwicklung von
Materialien vom Typ P3. Im Folgenden wird die Core-Shell-Lésung vom P3-Typ
Nay 7Mny 67Nig 330, als Kathode fiir schnell zyklische Natriumionenbatterien verwendet.
Die zyklische Retention von P3-Material mit Core-Shell-Struktur betrdgt nach 1500
Zyklen schnellem Laden und Entladen 89%. Mit XAS untersuchen wir den

Redoxmechanismus von Mn und Ni wéhrend des schnellen und langsamen Zyklus. Der

IX



Grund fiir eine bessere Zyklenleistung des Kern-Schale-Materials vom P3-Typ wird

unter dem Gesichtspunkt lokaler Strukturdnderungen um Mn und Ni weiter untersucht.
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1 Introduction

At present, lithium ion batteries are the most successfully commercialized secondary
batteries which partly replace fossil fuels and power the electronics and electric
vehicles!!. However, the limited distribution and reserve of lithium resources as well as
the rapidly growing demand for lithium ion batteries have exacerbated the imbalance
between supply and demand which leads to increase in price of lithium. Hence, the

exploration of low cost secondary battery systems is urgently to be carried out.

In consideration of the low price of sodium resources, the wide distribution of sodium
reserves and the suitable redox potential of sodium, the sodium ion battery is one of the
most promising energy storage systems, especially for large scale storage applications.
Similar to lithium ion batteries, sodium ion batteries mainly consist of cathode, anode,
electrolyte, separator and current collector. The preparation costs of cathode and
electrolyte can be saved by replacing Li precursor and salt with inexpensive Na
precursors and salt, respectively. Due to the lack of alloy formation between Al and Na,
the Cu current collector of sodium ion batteries can be replaced with Al current

collector which decreases preparation cost of sodium ion batteries by 8%

The chemical potential difference between the cathode and the anode of sodium ion
batteries creates a voltage on the cell. Sodium ions diffuse from the cathode to the anode
during charge and return back during discharge". The energy density and the cycling
life are two main properties of batteries. Although the energy density of sodium ion
batteries is smaller than that of lithium ion batteries, the drawback of low energy density
can be compensated by increasing the dimension of batteries. Hence, the cycling
performance is the most critical property of sodium ion battery materials'*. Due to the

larger ionic radii of Na ions, the structural changes of cathode or anode materials are



severe during cycling of sodium ion batteries resulting in poor cycling performance in

comparison with lithium ion batteries!> ®.

In this chapter, we present some common materials for sodium ion batteries under the
category of cathodes, anodes and electrolytes, introduce the common techniques of
structure investigation and present effective methods to improve the cycling

performance of sodium ion battery materials by special structure design.

1.1 Materials for sodium ion batteries
1.1.1 Cathodes for sodium ion batteries

The specific capacity, the cycling life and the cost of preparation and safety are the
relevant properties of cathode materials for sodium ion batteries to evaluate the
feasibility of practical utilization. According to thermo-dynamical knowledge, the
specific capacity of cathode materials is determined by the molecular weight and the
electron-transfer number. Currently, the specific capacities of cathodes for sodium ion
batteries are 120 - 230 mAh-g" in different operating potential ranges™ " *. The cycling
performance of cathode materials for sodium ion batteries is mainly determined by their

structural stability and recoverability.

Cathodes for sodium ion batteries can be categorized into inorganic and organic types
and demonstrate different mechanisms during cycling. One of the most extensively
investigated inorganic cathodes for sodium ion batteries is layered Na,7MO, (0<x<l1,
TM = transition metal) with the nomenclature by Delmas!”. Layered Na,7TMO, cathodes
can be categorized into P2, P3 and O3 types, in which “P” and “O” represent Na atoms,
respectively, occupy at the center of prismatic and octahedral sites and the numbers, “2”
and “3”, stand for the number of 7TMO, layers in each unit cell. The schematic structures

of P2-, 03- and P3-type Na,TMO, are shown in Fig.1.1%.

The crystal structure of layered Na,7MO, is affected by the concentration of Na, the
type of TM atoms, the ratio between different types of TM atoms, the synthesis
temperature and the cooling way after calcination""'. TM atoms in layered Na,7MO,
can be Mn, Fe, V, Ti, Cr, Ni, Co as well as their combination'>?!, Enlarging the
operating voltage range to increase the capacity and improving the structure stability to
prolong the cycling life are two main challenges of further development of layered

NayTMO:..
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Fig. 1.1 Schematic structure images of O3- (a), P2- (b) and P3- (c) type of layered
Na,TMO,"
Similar to the composition of layered Na,7MO,, tunnel Na,7MO, materials, like
Na0_44Mn02, Nao,élTi()AgMIl()ijz and Nao,é1Mn0,27Fe0,34Ti0,3902, are another type of

(22231 Fig. 1.2 schematically illustrates the

inorganic cathodes for sodium ion batteries
orthorhombic crystal structure of tunnel Na,7MO, materials'?®). This structure is built up
based on double and triple rutile-type chains of edge-sharing MnOg octahedra and single
chains of corner-sharing MnOs square-pyramid. There are three different Na sites in Fig.
1.2. These Na sites are situated in the tunnels formed by MnOs and MnOs polyhedrons.
Unlike layered Na,7MO, materials, tunnel Na,7MO, materials are stable in aqueous

solutions during cycling and have attracted great interest in terms of their safety.

Fig. 1.2 Schematic structure image of tunnel Na,7MO, materials*®

The third type of inorganic cathodes for sodium ion batteries is polyanionic compounds
with high operating potential, which are classified as phosphates, pyrophosphates,
fluorophosphates and sulfates, schematically illustrated in Fig. 1.3% #2!. The M
atoms inside of polyanionic compounds are generally Fe, Mn, Co and VP>, Although
these cathodes have high operating potential, the low rate performance and low electron
conductivity are two common drawbacks. Besides, the electrolyte decomposition of
these polyanionic compounds at high operating potential should be hindered to improve

their cycling performance.
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Fig. 1.3 Schematic structure images of polyanionic compounds: olivine Na7MPQO, (a),
NASICON Na;TM,(POy); (b), triclinic Na,TMP,0; (c), orthorhombic Na,7MP,0, (d),
orthorhombic Na,7M;(PO,),P,0 (e), orthorhombic Na,7MPO,F (f), monoclinic
Na,TMPO,F (g), and tetragonal Na;TM,(PO,),F; (h)"!

In addition, FeS,, FeF;, NaTMF3, Prussian blue and Prussian white, as shown in Fig. 1.4,
are some other possible cathodes for sodium ion batteries. In these materials, Na atoms
occupy the inter-slab vacant sites”®**. Due to the lack of O in these materials, oxygen
is not produced during cycling which indicates better safety of these sodium ion
batteries. However, the lack of Na limits the capacity of FeS, and FeF;. NaTMF;
delivers poor cycling performance. The operating voltage of Prussian blue and Prussian
white in aqueous solutions is relative low. These properties should be considered for

practical application in the future.

Fig. 1.4 Schematic structure images of FeS, (a), FeF; (b), NaTMF; (c) and Prussian blue
and Prussian white (d)*"*



Aromatic carbonyl derivatives, pteridine derivatives and polymers are the main types of
organic cathodes for sodium ion batteries and can also be classified into cation insertion
and anion insertion types with different insertion mechanisms™. During cycling of
cation inserted aromatic carbonyl and pteridine derivatives, Na atoms are leased from
the redox centers, which are, respectively, the carbonyl group and an isoalloxazine ring.
Polymer cathodes are the main anion insertion cathodes which also demonstrate cation-
inserted characteristic in a porous honeycomb material constituting of aromatic rings'*".
Although organic cathodes for sodium ion batteries are low in cost, designable and
recyclable, the drawbacks of the organic cathodes such as the low electron conductivity

and severe dissolution in the electrolyte should be overcome to enlarge the capacity and

prolong the cycling life of these materials.

1.1.2 Anodes for sodium ion batteries

The investigation of anodes for sodium ion batteries is inspired by that of lithium ion
batteries!**. The structural stability, Na ion storage ability and the redox potential are
the main considered properties, which are useful for increasing the energy density and
prolonging the cycling life of anodes for sodium ion batteries. The specific capacities of
anodes for sodium ion batteries can be a few hundred to 2500 mAh-g™ in different
operating potential ranges at different currents, which are generally higher than those of

cathodes for sodium ion batteries*> *¢],

Carbon compounds, like coke and carbon black can be utilized as anodes for sodium ion

batteries. The shape of carbon compounds with porous microstructure can be

(47301 The purpose

synthesized as tube, wire, sheet, hollow tube and hollow microsphere
of preparing carbon compounds in different shapes is to increase the surface-to-volume
ratio for better contact with electrolyte and then improve their electrochemical
performance'l. Recently, the investigation of carbon compounds as anode for sodium
ion batteries is extensively performed on non-graphitic and graphitic types which

demonstrate different insertion mechanisms of Na ions, schematically illustrated in Fig.
1 5052531

Because of narrow interlayer spacing in graphite, the insertion of Na ions during charge

[53

of graphite is difficult and limits their capacity™>\. In addition, carbon compounds are

used as matrix and combined with other anode materials to improve the electrochemical

performance of those anodes for sodium ion batteries* >,
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Fig. 1.5 Schematic representation of insertion of Na ions in graphite (a) and graphene (b)
[52,53]

3
O,

as anodes for sodium ion batteries

Si, Ge, Sn and Sb are additional four main anodes used in current sodium ion

57691 During the cycling of these anodes, they have alloying reactions with Na

[59]

batteries
and store Na inside. Fig. 1.6 illustrates the structural evolution of Sn during sodiation
Alloys consisting of these four materials and other metals, such as Si/Ge, Si/Sn, Sb/Al,
Sb/Cu, Sb/Mo and Sn/Bi/Sb alloys, are possible to be utilized as anodes for sodium ion

[

batteries®' *®). During the alloying process, the drastic volume changes lead to poor

cycling performance of alloy anodes for sodium ion batteries.

i a-NagSn,—>a-Na,Sn ¢-NasSn,
Sn Nasn @ BEsiE

Sn
°o-0-9
I h
I e

Two-phase sodiation

Single-phase sodiation 3y
-

Fig. 1.6 Schematic depiction of the structural evolution of Sn during sodiation'”

In addition, the investigation of oxides, sulfides, phosphides and carbides, like NiC0,0s4,
Ti0,, MoS,, NiP; and Mo,C, are other hot topics of exploring the optimal anodes for
sodium ion batteries'®””". The conversation reaction of oxides, sulfides and carbides as

anodes in sodium ion batteries is expressed by the following equations with different

reaction:
nNa' + ne + TM,X, = Na, TM,X, (1.1
nNa® + ne” + TM,X, = Na, X, + aTM’ (1.2

where TM represent transition metals, X is an anion which can be O, S and C. The
subscripts, n, a and b, represent the numbers of Na, 7M and X atoms. However, some

common anodes for lithium ion batteries, like NiO, FeO and CoO, showed almost no

electrochemical activity with Na™*!.
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Because of the appropriate redox potential of phosphorous in comparison with pure Na,
phosphorous is another promising anode material which has high theoretical specific
capacity (2596 mAh-g™) with formation of NasP after full sodiation®. Anodes with
different reaction mechanism are combined together to overcome the drawbacks of low
capacity and huge volume changes and improve the electrochemical performance of

sodium ion batteries.

1.1.3 Electrolytes for sodium ion batteries

Electrolytes for sodium ion batteries are the medium for Na transport between cathodes
and anodes. They consist of solvent, sodium salt and some additives!’". The common
electrolytes for sodium ion batteries can be categorized into five types, like non-aqueous
liquid electrolytes, ionic liquid electrolytes, glass ceramic electrolytes, solid polymer

electrolytes and gel polymer electrolytes!””

. The basic properties of electrolytes for
sodium ion batteries, such as high ionic conductivity, low viscosity, large
electrochemical window, good thermal stability and low toxicity, can be optimized by
variation of the constituents of the sodium salt, solvents, additives and their respective

[76. 771 The total ionic conductivity is expressed as the sum over the number of

ratios
charge carriers, the relevant mobility and the charge of the carriers. Due to the smaller
charge/radius ratio of Na ions in comparison with Li ions, the solvation shell and the
total binding energies of Na ions are smaller providing larger mobility and higher

feasibility of rapid transport of Na ions!™.

The non-aqueous liquid electrolytes have been commercialized for sodium ion batteries.
The common compounds of solvents for non-aqueous liquid electrolytes are propylene
carbonate (PC), ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl

carbonate (DMC). They are shown as molecular plots in Fig. 1.74* 7% 7811,

PC DMC DEC

Fig. 1.7 Schematic depiction of molecular structure of solvents as non-aqueous electrolyte

for sodium ion batteries: ethylene carbonate (a), Propylene carbonate (b), dimethyl

carbonate (c¢) and diethyl carbonate (&)™



On the other hand, the ionic liquids, which are made up of medium or large organic
cations and weakly coordinating anions, are investigated as solvents for sodium ion
batteries. Their molecular formula is NayCation; yWCA (0.1<x<0.25). The molecular
structures of the two most common ionic liquid cations are schematically illustrated in
Fig. 1.8, The non-flammability is the most attractive advantage of ionic liquid
solvents as electrolyte for sodium ion batteries. However, the high viscosity is a result
of the complex and strong ion-ion interactions and decreases the mobility of Na ions
during cycling. In order to improve the mechanical stability of sodium ion batteries, the
solid polymer electrolytes and gel polymer electrolytes are investigated without any
separator in the cell. The poor interfacial contact between the electrolytes and the
electrodes, the low conductivities, the high viscosity and the low dielectric constants are
the main drawbacks hindering their practical utilization as electrolyte for sodium ion

batteries.

C,mim

‘o8
¢ P

Fig. 1.8 Schematic depiction of the molecular structure of two most common ionic liquid
)77

cations employed in electrolytes for sodium ion batteries: Pyr,; (a) and C,min (b

The majority of electrolyte salts for sodium ion batteries are NaClO4, NaPFs, NaBF4,
NaFSI and NaTFSI®**! Fluorinated ethylene carbonate (FEC), solid electrolyte
interphase (SEI) enhancer, is the most efficient and common additive in electrolyte for

[86]

sodium ion batteries'”™. However, the common effective additive for lithium ion

batteries, like vinylene carbonate (VC), is detrimental in sodium ion batteries'””".

1.2 Structure investigations of cathodes in sodium ion batteries

In sodium ion batteries, Na ions are extracted from the cathodes during charge and
inserted into the cathodes during discharge. With the extraction and insertion of Na, 7M
or other compositions in cathodes are oxidized and reduced, respectively. This leads to
structural changes and affects the cycling performance of cathodes during the cycling.
Hence, the investigation of the crystal structure, the occupancy of atoms and the

structural evolution of cathode materials i1s efficient and effective for better



understanding of electrochemical performance of them as cathodes and anodes for

sodium ion batteries.

1.2.1 X-ray diffraction and neutron diffraction

X-ray diffraction (XRD) is a common method to investigate the crystal structure of
cathodes for sodium ion batteries. Using XRD technique, we obtain structure
information like the symmetry of elements, the occupancy of atoms, the lattice
parameters as well as the displacement of atoms!'**”). The positions of diffraction peaks
in XRD patterns provide information of interatomic distance, while the atom types and
positions determine the intensities of diffraction peaks. The understanding of crystal
structure of materials for sodium ion batteries is the basis for investigation of structure
evolution of cathodes during cycling. Recently, the structure evolution during cycling of

cathodes has been extensively investigated by operando XRD. Fig. 1.9 demonstrates an

example of operando XRD measurements of cathode for sodium ion batteries along
(88]

with the charge and discharge curves

Intensity / a.u.

2 Theta | degree Voltage / V

Fig. 1.9 Operando X-ray diffraction patterns collected during cycling of NaysMnO,
electrode in the voltage range 1.5 and 4.3 V **!
During charge and discharge, the appearance and disappearance of reflection peaks
indicate the phase transitions of cathode materials. By refining of XRD results, the
expansion and shrinkage of particles within the a-b plane and along the ¢ axis are
reflected by changes of lattice parameters. However, the preparation of cells for

operando XRD measurement is relatively complicated.

1.2.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a synchrotron-based characterization technique
which consists of X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS)®". Fig. 1.10 is an example of XANES and EXAFS

9



spectra at Ni K-edge in sodium ion battery material at different charge and discharge

90
states®”.
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Fig. 1.10 Normalized X-ray absorption near edge spectra (a) and extended X-ray

absorption fine structure spectra after Fourier transform (b) of Na 75Nij,3:Mng 60, at Ni

K-edge at different charge and discharge states”"!

In Fig. 1.10(a), the pre-edge of each spectrum at Ni K-edge representing the
photoelectron transition from 1s to 3d orbital is unobvious. Sometimes, the pre-edge of
XANES spectra splits into two peaks caused by the crystal field and the core hole
effect”*?. The main peak of the K-edge is a result of photoelectron transition from the
Is to the 4p orbital of 3d transition metals. The changes in energy position are called
energy shift and provide information about changes in valence state®). The higher
energy of the main peak indicates a higher valence state. When a core electron absorbs
the energy of a photon, this electron is excited to an empty orbital. In the EXAFS region,
this excited electron has significant kinetic energy which provides accurate information
of local geometry. The shape of X-ray absorption spectra is described by the Fermi’s
Golden Rule. Fig. 1.10(b) provides local structure information around Ni, such like the
type of coordinated atoms, the coordination number, the interatomic distance and the

distortion of crystal lattice* /.

1.2.3 Others

Except the investigation of the crystal structure by XRD and the local structure by XAS,
imaging techniques, like scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are utilized to visually demonstrate the morphology of materials for
sodium ion batteries. A focused ion beam (FIB) is applied to cut the particles of

cathodes. In combination of energy dispersive X-ray (EDX) spectroscopy and SEM, the
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concentration and distribution of elements in cross section is investigated in cathodes

for sodium ion batteries.

1.3 Structural stability of cathodes for sodium ion batteries

As we mentioned in the beginning, the capacities of sodium ion batteries can be
improved by increasing their volume. Hence, the cycling performance is the key to the
practical utilization of sodium ion batteries. In order to obtain better cycling
performance of sodium ion batteries, the structural stabilities of cathodes has to be

urgently improved.

On the one hand, extraction and insertion of Na lead to changes in electrostatic
interaction between Na and other atoms. This is responsible for expansion and
shrinkage of cathodes during cycling. That means, hindering the dimensional change of
cathode particles can improve the cycling performance of sodium ion batteries. Surface
modification, such like coating with Al,O3 or carbon on the surface of cathode particles,
is one common method to hinder the expansion of cathode particles and lead to better

cycling performance of sodium ion batteries!”**®.

On the other hand, insertion and extraction of Na accompany the oxidation and
reduction of transition metals or other atoms in cathodes during cycling. The structural
changes of compositions with high redox activity are supposed to be larger than low
redox activity compositions. Hence, substitution or doping affects the redox activity of
different elements which is also effective to improve structural stability of cathodes
during cycling. For layered Na,7MO,, the common elements suitable for substitution or

doping are Al, Cu, Mg, Zn and Ti"*"**'%!,

A core-shell design is a potential method to improve the structural stability of cathodes
for sodium ion batteries. The core-shell designed materials consist of a core with high
redox activity material contributing the capacity and a shell with low redox activity
material stabilizing the structure. The concentration of transition metals gradually
changes from the core to the shell. The gradient core-shell design has been confirmed as
a powerful way for the inhibition of capacity fading during cycling of Li7MO,
materials!' %1071, However, the core-shell design in layered Nay,7MO, has never been

reported.
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According to Wang’s investigation, selecting 7M ions with similar ionic radii to obtain
the disordered arrangement of 7M ions in P2-type Na,7MO,; has a positive impact on

improving the cycling performance of sodium ion batteries!'**!.

1.4 Motivation of the thesis and outline

The main goals of this thesis are to decrease the preparation cost of layered cathodes for
sodium ion batteries, to figure out the reason for cycling fading in layered cathodes, to
improve the structural stability of layered cathodes and to utilize the improved layered

cathode for ultrafast sodium ion batteries.

This thesis begins with a brief introduction of sodium ion batteries. This is followed by
a detailed introduction of synthesis of P3-type Nag7Mng¢7Nig330, materials and
relevant electrochemical measurements and structure analysis measurements, like SEM,
TEM, XRD and XAS. The correlation between electrochemical performance and
structural evolution of P3-type Nay¢7Mng67Nip 330, materials was investigated in this

thesis.
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2 Experimental

2.1 Synthesis

2.1.1 Synthesis of P2-type Nag ¢;Mny,7Nig 3302

P2-type Naj7Mng67Nip330, samples were prepared by a solid-state reaction using
mixed transition metal hydroxide precursors and sodium carbonate (98%, Aldrich). The
transition metal hydroxide precursors were prepared by the co-precipitation method.
Manganese (II) nitrate solution (50%, Alfa Aesar) and nickel (II) nitrate hexahydrate
(98%, Alfa Aesar) (Mmn/Mni = 2:1) were mixed in deionized water and stirred for 6
hours. This mixed solution was dropped into sodium hydroxide (98%, Alfa Aesar)
solution and the dispersion was stirred for 12 hours. Then, the precipitation particles
were filtered and washed with deionized water and dried overnight at 80 °C. The
Mny ¢7N1933(OH), precipitate was used as precursor and mixed with stoichiometric
sodium carbonate. The mixed powder was pressed into pellets and calcined at 950 °C
for 12 hours to obtain P2-type Najs7Mng ¢7Nig 3305, respectively. Finally, the obtained

materials were cooled to room temperature, grinded in air and stored in a glove box.

2.1.2 Synthesis of P3-type Nay ¢;Mn¢ ¢7Nig 330, without core-shell structure

In this thesis, three different P3-type Najs7Mng7Nig 330, materials without core-shell
structure were prepared by a solid-state reaction using mixed transition metal hydroxide

precursors and sodium carbonate (98%, Aldrich).

The first P3-type Nag7Mng67Nig330, (P3-MN-1) was investigated in chapter 3. The
transition metal hydroxide precursors of this P3-type material were prepared by

Manganese (II) nitrate solution (50%, Alfa Aesar) and nickel (II) nitrate hexahydrate
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(98%, Alfa Aesar) using the same preparation processed with those of P2-type
Nay.67Mnyg ¢7Nio 330, in section 2.1.1. However, the mixed transition metal hydroxide

precursors and sodium carbonate were calcined at 750 °C for 12h.

The similar method described in section 2.1.1 was utilized to prepare the second P3-
type Nags7Mng67Nig 330, (P3-MN-2), which was investigated in chapter 4. Manganese
(IT) acetate tetrahydrate (98%, Alfa Aesar), nickel (II) acetate tetrahydrate (98%, Alfa
Aesar) and sodium hydroxide (98%, Alfa Aesar) were used as raw materials to prepare
the hydroxide precursors. The mixed transition metal hydroxide precursors and sodium

carbonate were calcined at 700 °C for 24h.

The third P3-type Nag7Mng ¢7Nig 330, (P3-MN-3) was investigated in chapter 5. The
difference between the second and the third P3-type materials was the raw materials.
Manganese (II) nitrate solution (50%, Alfa Aesar) and nickel (II) nitrate hexahydrate

(98%, Alfa Aesar) were utilized to prepare the transition metal hydroxide.

2.1.3 Synthesis of P3-type Nag ¢;Mny,¢7Nig 3302 with core-shell structure

In this thesis, we prepared two different core-shell designed P3-type materials. The first
core-shell designed P3-type Nagg7Mnge7Nip330, (P3-1-CS) was synthesized as
following. Firstly, manganese (II) acetate tetrahydrate (98%, Alfa Aesar) and nickel (II)
acetate tetrahydrate (98%, Alfa Aesar) were dissolved into deionized water with a
Mn:Ni molar ratio of 2:1 and stirred for 1 hour. And then, the solution of manganese (II)
acetate and nickel acetate was used as raw material to prepare mixed solutions with
Mn:Ni molar ratios of 1:4, 2:1 and 11:2, respectively. These three solutions were stirred
for 1 hour. The high Ni solution with the Mn:Ni molar ratio of 1:4 was dropped into
sodium hydroxide solution and the dispersion was stirred for 3 hours. Then, the solution
with the Mn:Ni molar ratio of 2:1 was dropped into the dispersion and the obtained
dispersion was stirred for 3 hours. Finally, the solution with the Mn:Ni molar ratio of
11:2 was dropped into the dispersion and the obtained dispersion was stirred for 6 hours.
All these steps were finished in the air. The schematic preparation processes of the core-
shell designed precursors are illustrated in Fig. 2.1. The obtained precipitation particles
were filtered and washed with deionized water and dried overnight at 80 “C. The core-
shell designed Mny 7Nig33(OH), precipitates were used as precursors and mixed with
stoichiometric sodium carbonate (98%, Aldrich), respectively. The mixed powders were
pressed into pellets and calcined at 700 °C for 24 hours to obtain the P3-type

Nag67Mng ¢7Nig 330, with core-shell structure. Finally, the obtained materials were
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cooled to room temperature, grinded in air and stored in a glove box. This special P3-

type material was investigated in chapter 4.
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Fig. 2.1 Schematic preparation of first type of precursor for P3-type Nays;Mng 67Nig 330,
with core-shell structure: mixture of transition metal solutions with different molar ratios
between Mn and Ni (a) and co-precipitation of the core-shell designed hydroxide

precursor (b)

The second core-shell designed P3-type Nag ¢7Mng 67Nig 330, (P3-2-CS) was synthesized
in the following. Manganese (II) nitrate solution (50%, Alfa Aesar) and nickel (II)
nitrate hexahydrate (98%, Alfa Aesar), sodium hydroxide (98%, Alfa Asar) and sodium
carbonate (98%, Aldrich) were used as raw materials to prepare the special transition
metal hydroxide precursors. In order to simplify the preparation process, we only
prepared the core-shell designed precursor in two steps. Manganese (II) nitrate solution
and nickel (II) nitrate were, respectively, dissolved in deionized water with a Mn:Ni
molar ratio of 2:1 and stirred for 1 hours. Then, these two separate solutions were used
to prepare two mixed solutions with Mn and Ni molar ratio of 1:6 and 13:1, respectively.
These two mixed solutions were stirred for 1 hour. The mixed solution with a Mn:Ni
molar ratio of 1:6 was dropped into sodium hydroxide (98%, Alfa Asar) solution and

the dispersion was stirred for 3 hours. Then, the mixed solution with a Mn:Ni molar
15



ratio of 13:1 was dropped into the previously obtained dispersion. Then, the obtained
dispersion was stirred for another 9 hours. Fig. 2.2 schematically illustrates the
preparation of the second type of precursor for P3-type Nay¢7Mng 67Nig 330, with core-

shell structure.
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Fig. 2.2 Schematic preparation of the second type of precursor for P3-type
Nay ¢ Mng 67Niy 330, with core-shell structure: mixture of transition metal solutions with
different molar ratios between Mn and Ni (a) and co-precipitation of the core-shell

designed hydroxide precursor (b)
Then obtained designed precipitation particles were filtered and washed with deionized
water and dried overnight at 80 °C. The core-shell designed Mng¢7Nig33(OH);
precipitates were used as precursors and mixed with stoichiometric sodium carbonate
(98%, Aldrich). The mixed powders were pressed into pellets and calcined at 700 °C for
24 hours to obtain the second type of core-shell designed P3-type Nag ¢7Mng 67Nig 330,.
Finally, the obtained materials were cooled to room temperature, grinded in air and

stored in a glove box. P3-2-CS material is investigated in chapter 5.

2.2 Characteristics
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The morphology of different types of Nag¢7Mng7Nip 330, was measured by scanning
electron microscopy from ZEISS operated at acceleration voltage of 5 kV. Transmission
electron microscopy (TEM) images were recorded in a Philips CM30 microscope
operated at 300 kV and equipped with an energy dispersive X-ray (EDX) detector.
Focused ion beam (ZEISS Crossbeam 340) was performed to demonstrate the core-shell

structure in P3-type Nay ¢7Mng 67N1j 330, materials.

Powder X-ray diffraction (XRD) was carried out on a Bruker D8 advance in the 26
range from 10° to 90° using Cu Ko radiation. The XRD data of different types of
Nag 67Mng 67Nig 330, was refined using the Fullprof program and Rietveld method.
High-temperature XRD measurements were carried out from 650 °C to 950 °C (Bruker
D8 advance with a furnace) in the 20 range from 10° to 90° using Cu Ka radiation. The
XRD patterns were collected at increasing temperature every 10 °C. The sample for
high-temperature XRD measurements was a pellet which was produced from the

precursor of the first P3-type material without core-shell design.

2.3 Electrochemistry

In order to prepare the electrode, the obtained P2-type and P3-type Najs7Mng 67Ni 330,
materials together with conductive carbon (TIMCAL Super P) and polyvinylidene
difluoride (PVdF, ARKEMA KYNAR®) binder, (weight ratio 80:10:10) was mixed in
1-methyl-2-pyrrolidinone (NMP, ACROS Organics) and cast onto Al foil, respectively.
After being dried, the electrode tapes were punched into discs with 12 mm diameter,
pressed in a hydraulic press, and dried at 120 °C under vacuum overnight. 2032-type
coin cells were assembled in Ar-filled glove box using 1 M NaPFg in ethylene carbonate
to dimethyl carbonate (EC:DMC = 1:1 in weight) with 1 wz.% fluoroethylene carbonate
(FEC) as the electrolyte. The mass loading of the active material was around 3 mg-cm™.

Metallic sodium served as counter electrode. All measurements were repeated 3 times

for each state.

The electrochemical tests for chapter 3 were performed at 20 °C in the following way.
The cells of P2-type Nay¢7Mng ¢7Nip 330, and P3-MN-1 were galvanostatically charged
and discharged using Maccor series 4000 battery testers (USA) at 0.1 C rate (nominal
current density 1 C =100 mA-g™") in the first 3 cycles and 1 C rate from the 4™ to 120"
cycles in the voltage range 1.5 - 4.5 V. The rate capabilities of P2-type and P3-type

Nay 67Mng 67N 330, were tested at constant charge rate of 0.1 C and different discharge
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rate of 0.1 C, 0.2 C,0.5C, 1C,2 C, 5 C, 10 C, 20 C and 0.1 C each for 5 cycles in
voltage range 1.5 -4.5 V.

In the following, the cells of P3-MN-2 and P3-1-CS were galvanostatically charged and
discharged at 0.1 C rate in the first 3 cycles and 1 C rate from the 4™ to 200™ cycles in
the voltage range 1.5 - 4.5 V and from the 4™ to 250™ cycles in the voltage range 2.0 -
4.1 V in comparison with the second type of P3-type material without core-shell
structure. These two different P3-type Nag67Mny ¢7Nig 330, were cycled at 0.1 C rate for
three cycles and then cycled at charge rate of 0.1 C and discharge rate of 20 C from the
4" to 400 cycles as well as charge rate of 20 C and discharge rate of 20 C from the 4™ 1o
1000 cycles in the voltage range 2.0 - 4.1 V. The rate capabilities of the normal and the
gradient core-shell designed P3-type Naj¢7Mng 67Nij 330, were tested at constant charge
rate of 0.1 C and different discharge rate of 0.1 C, 0.2 C,0.5C, 1C,2C,5C,10C,20C
and 0.1 C each for 5 cycles in voltage ranges 1.5 - 4.5 V and 2.0 - 4.1 V, respectively.

These results are demonstrated in chapter 4.

In chapter 5, P3-MN-3 and P3-2-CS materials were cycled at 0.1 C for three cycles and
then cycled at different charge and discharge rates in the voltage range 2.0 - 4.1 V
which were charged at 1 C (1 C = 100 mA-g) and discharged at 1 C from the 4™ to 350"
cycles, charged at 20 C and discharged at 1 C from the 4™ to 450" cycles, charged at 1
C and discharged at 20 C from the 4™ to 900™ cycles as well as charged at 20 C and
discharged at 20 C from the 4™ to 1500™ cycles. The cells of P3-2-CS material were
galvanostatically charged at 1 C and discharged at 1 C, charged at 20 C and discharged
at 1 C, charged at 1 C and discharged at 20 C as well as charged at 20 C and discharged
at 20 C in the voltage range 2.0 - 4.1 V, respectively.

2.4 Ex situ XAS

The specimens for ex situ XAS measurements were electrodes which were charged and
discharged to different states in 2032 coin cells. For each charge and discharge state,
two electrodes were prepared. All specimens for XAS measurement were prepared one
week before the measurement in order to minimize aging of the specimens. The
thickness of electrodes during preparation was kept as 150 um. The electrodes of P2-
type Nag 67Mny 7Nig 330, and P3-NM-1 were charged to 4.0 and 4.5 V and discharged
to 2.0 and 1.5 V at 0.1 C (1 C = 100 mA-g™"), respectively. The electrodes of P3-2-CS
were charged to 4.1 V at 1 C and 20 C as well as discharged to 2.0 V at 1 C and 20 C,
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respectively. Then, these electrodes are taken out of the cell in the glovebox, cleaned by

DMC, stuck by Kapton tape one by one and then stored in a box filled with argon.

Ex situ XAS measurements of different types of Nay¢;Mng67Nip 330, in transmission
mode at Mn and Ni K-edge were performed at KMC-2 XANES endstation at BESSY 1I,
Helmholtz-Zentrum Berlin!'®. Si-Ge (111) double crystal monochromator was used to
monochromatize the focused X-ray beam. Energy bandwidth of the monochromator is
1/4000. To suppress the higher harmonics the second monochromator crystal was
detuned to about 65% of the maximal intensity. Metallic Mn and Ni standard foils were
simultaneously measured along with the samples at Mn and Ni K-edge, respectively, for

the absolute energy calibration.

Evaluation of P2-type Nagg¢7Mnge7Nip3302, P3-MN-1 and P3-2-CS was performed
using DEMETER package!''”. The XANES data at Mn and Ni K-edge at different
charge and discharge states was calibrated to 6539 and 8333 eV, respectively, and
normalized using the ATHENA program. The k’-weighted EXAFS data of P3-type
materials after the Fourier transformation was fitted using the Artemis program with
different paths calculated by the FEFF program in the fitting range 1 - 5 A. The EXAFS
data at Mn and Ni K-edge of P3-type Naje7Mng¢7Nig330; at various charged and
discharged states was weighted by factors of 0.67 of P3-type Nay¢;MnO, and 0.33 of
P3-type Nage7NiO,, respectively, based on the overall stoichiometry of P3-type
Nay 7Mng 67Nig330,. The crystal structure of P3-type Nays;MnO, and Nag ¢;NiO, was
determined by the Rietveld refinement of XRD data and related crystal structure

information of the pristine P3-type Nay ¢7Mng ¢7Nig 330, reported in the literature!' ',

According to the equations below, the normalized oscillatory component of the

absorption coefficient p above the absorption edge is estimated!''*!:
(k) —po (k) 2 FiG) . e —
x(k) = o = So 2N k—Rjzsm (ZkRj + qu(k)) exp At exp ™7 (2.1)

2me(E—Eop)
k = /% (2.2)

In equation (1), u(k) is the observed absorption coefficient and po(k) is the free atom
absorption coefficient. R; is the distance between the absorbing atom and the j-type
backscattering atoms. Sy is the amplitude reduction factor. N;jis the number of j-type

atoms. Fj(k) is the back scattering amplitude of the j-type atoms. ¢j(k) is the overall
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phase shift. A(k) is the inelastic mean free path of photoelectron. csj2 is the mean squared
relative displacement between the absorbing atom and the scattering atoms. In equation
(2), m, is the electron mass, E is the incident photon energy, Ey is the threshold energy
and % is the reduced Plank’s constant. In this thesis, y(k) is multiplied by k’ to
emphasize the data at high k-range.

During the fitting of EXAFS data at Mn and Ni K-edge of the P3-MN-1 and P3-2-CS at
pristine state, the calculated So> should be in the range 0.7 - 1.1 and the o;* should be
larger than 0. The distance between the absorbing atom to the coordinated atoms should
be consistent with the crystal structure of the corresponding materials. After fitting the
EXAFS data of the pristine P3-type Nag¢7Mng67Nip 330, materials at the Mn and Ni K-
edge, the calculated S,* values at Mn and Ni K-edge are kept constant to calculate the
distance between the absorbing atom and coordinated atoms and assess the local

structural changes of these Nag 7Mny 7Ni 330, materials during the cycling.

After fitting the EXAFS data, the distance between 7M and O as well as that between
TM and TM are obtained and utilized to calculate the angle between 7M-O bonds. Fig.
2.3 schematically demonstrates the crystal structure of P3-type Na,TMO,""!. In the
crystal structure of P3-type material, the distance between two nearest occupied O
within the a-b plane is equal to the distance between two nearest occupied TM atoms,
see the green and blue triangles in Fig. 3. The blue triangle is an isosceles triangle and
the green triangle is an equilateral triangle. 7M atoms occupy at the center of octahedral
TMOg units. The projection of TM into the O plane is located at the center of the green
triangle, marked by a red box. In addition, the changes of distance between TM and TM

are related to the dimensional changes of 7MOg units within the a-b plane.

Fig. 2.3 Schematic depiction of the structure of P3-type Na,TMO,""!
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2.5 Operando XRD

Operando synchrotron XRD experiment was carried out at mySpot endstation at
BESSY II, Helmholtz-Zentrum Berlin'"'¥. The powder diffraction pattern was acquired
using the Eiger 9M area detector in Bragg geometry. The X-ray wavelength was
0.72932 A. The sample was prepared with a special 2032 coin cell, which contained a
hole (® = 10 mm) on the positive shell covered by Kapton foil from the inner side using
super AB glue, reported in detail by Wang et al."" The P3-type Nay¢7Mnyg 67Nig 330,
powder was mixed with super P and PVdF (weight ratio = 70:20:10) in NMP. The
electrolyte solution was 1 M NaPFg in 1:1 weight ratio of EC:DMC with 1 vol.% FEC.
Metal Na and glass fiber filter were used as anode and separator, respectively. The cell
was charged and discharged in the voltage range of 1.5 - 4.5 V at 0.1 C at 20 °C. During
the cycling of the cell, diffracted photons exited the cell through the same hole on the

electrode and were reflected to the detector.
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3 P3-type Nage7Mng67N19 330, for

sodium 10n batteries

3.1 Motivation

Extensively studied P2- and O3-type Na,7MO, materials are synthesized at temperature

higher than 850 °C which calls for high production cost and energy expenditure!!®® 1%

1617 " On the contrary, P3-type and P2/P3-type Na,7MO, materials demonstrating
attractive electrochemical performance, e.g. P3-type NasMgis3Mny30,, P2/P3-type
Nag.45Nip22C00.11Mng 6602 and P2/P3-type Nag¢6CoosMngsO,, can be produced at
temperature lower than 750 °CU''" "% 1 Thys, the investigation of pure P3-type
NayTMO; materials resulting in a strategy to achieve sodium ion battery materials in an

economic way is urgently to be carried out.

Due to the large radii of Na atoms, the poor cycling performance is common in layered
Na,7MO, materials''*"). Generally, the reasons for capacity fading in P2- and O3-type
NayTMO, are investigated from the sight of structure by X-ray diffraction (XRD),
neutron diffraction (ND) and neutron pair distribution function (NPDF)!'*'"'*)]. However,
the influence of the structural variations of 7MO, layers on the capacity fading is
seldom reported but significant. During charge and discharge, Na ions are repeatedly
extracted from and inserted into the layered Nay,7MO, particles accompanied by
oxidation and reduction of 7M and O atoms, which change the structure of 7MOg units
through the alternately electrostatic attraction and repulsion. Hence, X-ray absorption
[124]

spectroscopy (XAS) providing information about local structure around 7M atoms' ™ is
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indispensable for better understanding of the electrochemical behavior of layered

Nay,TMO,, especially for P3-type Na,7MO, materials synthesized at lower temperature.

In addition, Wang et al. reported that the disordered arrangement of 7M ions promotes
better Na storage and cycling performance of P2-type Nao.6Cr0‘6Ti0‘402[108]. This
indicates the ordered arrangement of 7M ions is responsible for the capacity fading in
P2-type NayTMO,. The goal of the present chapter is to figure out the relationship
between the ordered arrangement of 7M ions and the capacity fading in P3-type
NayTMO,.

In consideration of environment protection, Co-free Nage7Mnge7Nig330, was
intentionally selected in this work. The ordered arrangement of 7M atoms has been
confirmed in Nag¢7Mng7Nig 330, by ND measurement®. For the purpose of saving
energy, the calcination temperature was fixed at 750 °C to obtain pure P3 material. The
redox mechanism of Mn and Ni ions in P3-type Nay¢;Mng7Nig 330, is investigated by
X-ray absorption near edge structure (XANES) spectroscopy. Extended X-ray
absorption fine structure (EXAFS) measurements are performed to study the local
structural variation around Mn and Ni atoms and to investigate the reasons for capacity

fading in P3-type material.

3.2 Results

3.2.1 Characteristics

In order to determine the synthesis temperature of pure P3-type Nay¢7Mng 7N 330, in
the present work and to investigate the evolution between P3 and P2 phases, the in situ
high temperature XRD was performed from 650 to 950 °C in 20 range 10° - 90°,
illustrated in Fig. 3.1. In the temperature range 650 - 750 °C, all peaks in XRD patterns
of Nag¢7Mng67Nip330, are located at Bragg positions similar to those of P3-type
Nag 67 TMO," ). The intensities of the (107) and (108) peaks, located at 26 =~ 52° and 26
~ 56°, respectively, decrease with the increasing temperature from 760 to 830 “C. The
peak located at 48° is visible at 760 °C and the intensity of this peak increases with
temperature. Simultaneously, the intensity of the reflection peaks at 35.5°, 38" and 62°
becomes larger with increase of temperature. At 840 °C, the (101), (012), (105), (107)
and (108) reflection peaks in the P3 phase disappear. In the temperature range 840 - 950
°C, we cannot observe any reflection of the P3 phase and all reflections of

Nag 67Mng 67Nig 330, are located at Bragg positions similar to those of P2-type
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Nag.¢7TMO,"*. During the increase of temperature, all reflection peaks slightly shift to

smaller 20 angle.
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Fig. 3.1 In situ X-ray diffraction patterns of Na, ¢ Mny ;Nij 330, with temperature increase
from 650 to 950 °C

In order to obtain pure P3-type Nage7Mng¢7Nig330,, the annealing temperature is

supposed to be lower than 760 °C. In the present chapter, we prepared pure P3-type and

P2-type Nag7Mny ¢7Nip 330, materials at 750 and 950 °C, respectively. The XRD

patterns of Nage7Mng¢7Nip330, prepared at 950 and 750 °C along with the

corresponding SEM micrographs of these two materials are illustrated in Fig. 3.2(a) —

Fig. 3.2(d), respectively.
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Fig. 3.2 X-ray diffraction patterns of P2-type (a) and P3-type (b) Nay ¢ Mny¢Nip 330, and
scanning electron micrograph of P2-type (c¢) and P3-type (d) Nag ¢ Mny ¢,Nig 330,
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As shown in Fig. 3.2(a), all the reflection peaks in the XRD pattern are in agreement
with the P2-type Nag¢;TMO, using the P63/mmc space group'''!. The lattice parameters
of Nay ¢7Mny ¢7Nig 330, synthesized at 950 °C were determined by Rietveld refinement
to a =2.888 A and ¢ = 11.151 A. With regard to the material synthesized at 750 °C, all
the reflection peaks in the XRD pattern shown in Fig. 3.2(b) are consistent with the P3-
type Nay¢77MO, indexed by the hexagonal crystal structure using the R3m space
group[lzs]. The lattice parameters of P3-type Nag¢7Mn¢7Nip330, are determined by
Rietveld refinement to a = 2.886 A and ¢ = 16.780 A.

As shown in Fig. 3.2(c¢), the particle size of P2-type Nag ¢7Mng ¢7Nig 330, synthesized at
950 °C 1is of the order several micrometers. However, the particles of P3-type material
prepared at 750 °C are much smaller than those of P2-type Nag ¢7Mng 67Nig 3302, shown
in Fig. 3.2(d). The particle size of P3-type Nag ¢7Mng¢7Ni330; is of the order of a few

hundred nanometers.

3.2.2 Electrochemistry

After understanding the difference in crystal structure and morphology between P3-type
and P2-type Naje7Mng7Nip330, materials, their electrochemical performance is
compared to explore the feasibility of lower temperature synthesized P3-type material

as cathodes for sodium ion batteries.

Fig. 3.3 illustrates the initial charge and discharge curves of P2-type and P3-type
Nay ¢7Mny 67Nig 330, materials in the voltage range 1.5-4.5V at (0.1 C (1 C=100 mA-g
1) and the corresponding cycling performance of P3-type Nag ¢7Mng ¢7Nip 330, from the
1* cycle to the 120™ cycle (at 0.1 C from the 1% to the 3™ cycle and at 1C from the 4™ to
the 120 cycle) in comparison with the performance of P2-type Naj 67Mny 7Nig330,. As
shown in Fig. 3.3(a), the charge capacity of P3-type Nag 67Mn 7Nig 330, at 0.1 C is 154
mAh-g’ in the 1% cycle, which is slightly higher than that of P2-type material (150
mAh-g'l). P3-type Nayc7Mng67Nig 330, delivers discharge capacity of 233 mAh-g'1 at
0.1 C in the voltage range 1.5 - 4.5 V in the 1* cycle, which is obviously higher than
that of P2-type material (217 mAh-g'l). The higher discharge capacity of P3-type
material is a result of redox reaction under lower discharge voltage, observed as a
plateau at discharge voltage of 1.9 V. The discharge capacities in P2-type or P3-type
Nag 67Mny 67Nig 330, are higher than those charge capacities. As shown in Fig. 3.3(b),
the discharge capacity points in P2-type and P3-type materials, respectively, overlap
with the charge capacity points during the cycling from the 4™ to the120™ cycle. In the
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first three cycles, these two types of Nags7Mng67Nip330, are cycled at 0.1 C and
demonstrate larger discharge capacities than those cycled at 1 C in the following. P3-
type Nags7Mny ¢7Nig 330, has larger capacities than P2-type material during the first 40
cycles. However, the capacities of P3-type material decline continuously and gradually
during cycling. The capacity retention of P3-type Nag ¢7Mng ¢7Nig 330, is 43% after 120
cycles of charge and 51% after 120 cycles of discharge in comparison with the
capacities in the 4™ cycle. P2-tye material demonstrates different capacity fading trend
in comparison with that of P3-type material. During the cycling, the capacities of P2-
type Nag ¢7Mng 7Nig 330, drop more drastic than that of P3-type material in the first 20
cycles. The capacities of P2-type material slightly increase from the 21% to the 120™
cycle. The capacity retention of P2-type material is 63% after 120 cycles of charge and
74% after 120 cycles of discharge in comparison with the capacities in the 4t cycle. The

capacity retention of P3-type material is obviously lower than that of P2-type material.
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Fig. 3.3 Initial charge and discharge curves of P3-type Nay ¢;Mn,¢,Niy 330, in the voltage
range 1.5-4.5V at 1 C (1 C =100 mA-g") and the corresponding cycling performance of
P3-type Nay¢;Mny ¢, Niy330; at 0.1 C from 1% and 3" cycles and at 1 C from the 4™ to 120"

cycles in comparison with those of P2-type Nag ¢, Mny ¢ Niy 330,

The rate capability and the relevant discharge capacity retention of P3-type
Nay 67Mng 67Nig 330, are compared with those of P2-type material at a constant charge
rate (0.1 C, 1 C = 100 mA-g™) and different charge rates from 0.1 C to 20 C each for 5
cycles in the voltage range 1.5 - 4.5 V, illustrated in Fig. 3.4. The initial discharge
capacity of P3-type material remains larger than that of P2-type material at 0.1 C, as
shown in Fig. 3.4(a). The discharge capacity of P3-type material decreases drastically
from 234 mAh-g” in the 1% cycle to 176 mAh-g" in the 5t cycle, while the capacity of
P2-type material remains above 190 mAh-g” after 5 cycles. From the 11" to the 25™

cycles, the discharge capacities of P3-type Nay¢7Mng 67Nig 330, remain slightly larger
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than those of P2-type Nags7Mng7Nig330,. From the 26™ to the 35" cycles, P2-type
Nag¢7Mng 67Nig 330, delivers higher discharge capacities than P3-type material.
Although P3-type Nay ¢;Mng67Nig 330, reveals larger discharge capacities than P2-type
material at 20 C from the 36™ to the 40™ cycles, the capacities of P3-type material is
only 20 mAh-g' in the 40" cycle. After discharge of these two types of
Nay 7Mnyg 67Ni 330, at 20 C, they were discharged at 0.1 C again. In the 41% cycle, the
discharge capacities of P3-type and P2-type Nag s7Mng ¢7Nig 330, return to 111 and 120
mAh-g”, respectively. P3-type material demonstrates severe capacity fading at 0.1 C in
the 41% - 45™ cycles, while the discharge capacities of P2-type material remain
relatively constant. The discharge capacities of P2-type and P3-type materials are 118
and 96 mAh-g” in the 45" cycle, respectively.
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Fig. 3.4 Rate capabilities (a) and the corresponding discharge capacity retention (b) of P3-
type Nay ¢, Mny¢;Nij 330, at constant charge rate of 0.1 C and different discharge rates
from 0.1 C to 20 C each for 5 cycles in the voltage range 1.5 - 4.5 V in comparison with P2-
type Nag.67Mny,6;Nio 330

As shown in Fig. 3.4(b), the discharge capacity retention of P2-type
Nay 7Mng 67Ni 330, remains larger than that of P3-type material at different discharge
rates, except discharge at 20 C. The discharge capacity retention of P3-type
Nay 67Mng 67Ni9 330, 1s 7% after 40 cycles at different discharge rates in comparison
with the discharge capacity of this material in the 1% cycle. This extremely low capacity
retention is larger than that of P2-type material after 40 cycles at different discharge
rates, which is only 3%. In the 41* cycle, the discharge rate is decreased to 0.1 C and
the discharge capacity retention increases to 47% in P3-type material and 57% in P2-
type material. The discharge capacity retention of P2-type and P3-type materials is 56%
and 41% after 45 cycles, respectively.
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3.2.3 XANES

XANES spectra of P2-type and P3-type Nay¢7Mng67Nip330, at Mn and Ni K-edge at
different charge and discharge states are normalized using the ATHNA program and

illustrated in Fig. 3.5 with related Mn oxides and Ni oxides reference compounds,

respectively.
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Fig. 3.5 Normalized X-ray absorption near edge structure spectra of P3-type
Nay 67Mny ¢7Nig 330, at various states during the first charge and discharge at Mn (a) and
Ni (b) K-edge and those of P2-type Na, ¢ Mny ¢,Nij 330, at Mn (¢) and Ni (d) K-edge along
with related Mn oxides and Ni oxides reference compounds

The pre-edge of the Mn and Ni spectra in Fig. 3.5 is related to the photoelectron
transition from 1s to 3d orbital, which is obvious at the Mn K-edge of P2-type and P3-
type Nag ¢7Mng 67Ni 330, but invisible at the Ni K-edge. The main edges (white line)

corresponding to the photoelectron transition from 1s to unoccupied 4p orbital provide

11261 'The changes

information about valence states of Mn and Ni in these two materials
in energy position at Mn and Ni K-edge between different charge and discharge states
are named as chemical shifts which demonstrate the changes of average valance states

of Mn and Ni, respectively, in these two materials''*’). The main peak at Mn K-edge in
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pristine P3-type Nags7Mng7Nip330, is located between those of Mn,O; and MnO,,
illustrated in Fig. 3.5(a). The main peak at Ni K-edge in pristine P3-type
Nay 7Mny 67Nig 330, is located between those of NiO and LiNiO,, shown in Fig. 3.5(b).
The main peaks of both Mn and Ni K-edge shift to higher energy position during charge
and shift to lower energy position during discharge. At charge voltage of 4.0 V, the
intensity of the main peak at Mn K-edge is slightly lower than that of the pristine state
and that of the Ni K-edge remains about the same as that of the pristine state. The
intensities of the main peaks at Mn and Ni K-edge become smaller after charge to 4.5 V
in comparison with those of the pristine state. The curve of Mn K-edge at discharge
voltage of 2.0 V overlaps with that of 1.5 V. The intensities of these two spectra are
slightly smaller than that of Mn K-edge in pristine state. The intensity changes of
spectra at Mn and Ni K-edge in P3-type material is a result of distortion and

coordination changes, respectively, around Mn and Ni atoms®>),

In P2-type Nay¢;Mng7Ni 3302, the shape of the spectra at the Mn and Ni K-edge is
similar to the corresponding spectra of P3-type material, illustrated in Fig. 3.5(c) and
Fig. 3.5(d). The main peaks at Mn and Ni K-edge in P2-type material shift to higher
energy positions during charge and return to lower energy positions during discharge,
respectively. The changes in intensity of the main peaks at the Mn and Ni K-edge at
charge voltage of 4.5 V are smaller in P2-type material in comparison with those of P3-

type material at state of 4.5 V.

The energy positions of the main peaks of P2-type and P3-type Nag 6;Mng 67Niy 330, at
different charge and discharge states at Mn and Ni K-edge are illustrated in Fig. 3.6.
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Fig. 3.6 Peak positions of Mn (a) and Ni (b) K-edge of P2-type and P3-type
Nay ¢;Mn, ¢;Niy 330, at different charge and discharge states in the 1* cycle
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Here, we qualitatively compare the trend of energy shift during cycling of P2-type and
P3-type materials. With increase of charge voltage to 4.0 V, the energy of the Mn and
Ni K-edge in P2-type and P3-type materials increases indicating oxidation of Mn and Ni
in these two materials. In the charge voltage range 4.0 - 4.5 V, the energy of P3-type
material at Mn K-edge increase. However, the energy of P2-type material at Mn and Ni
K-edge and P3-type material at Ni K-edge remains relatively constant. In the discharge
voltage range 4.5 - 2.0 V, the energy of the main peaks of P2-type and P3-type materials
at Mn and Ni K-edge decreases indicating reduction of Mn and Ni in P3-type and P2-
type Nag 67Mng 67Nip330,. During discharge from 2.0 to 1.5 V, the energy of the main
peak at Mn K-edge remains constant in P3-type material and decreases in P2-type
material, while that at Ni K-edge remains constant in P2-type material and decreases in

P3-type material.

3.2.4 EXAFS

Fig. 3.7 illustrates the k’-weighted EXAFS data of P3-type and P2-type
Nay.67Mny ¢7Ni 330, after Fourier transformation (FT) at the Mn K-edge and Ni K-edge
at different states of charge and discharge. The first maxima, shown in Fig. 3.7(a) and
Fig. 3.8(c), are the result of photoelectron scattering between the absorbing Mn and the
nearest coordinated atoms in P3-type and P2-type materials, respectively. The first
maxima, illustrated in Fig. 3.7(b) and Fig. 3.7(d), are the result of photoelectron
scattering between the absorbing Ni and the nearest coordinated atoms in P3-type and
P2-type materials, respectively. The second maxima in Fig. 3.7(a) and Fig. 3.7(c) come
from the photoelectron scattering between Mn and atoms in the second coordination
shell and those in Fig. 3.7(b) and Fig. 3.7(d) come from the photoelectron scattering

between Ni and atoms occupying the second coordination shell.

Although the amplitudes of the first maxima in Fig. 3.7(a) change with charge and
discharge voltage, their shapes are similar to each other. The shape of the first
maximum at Mn K-edge in P2-type material becomes different after charge to 4.5 V in
comparison with other charge and discharge states, see Fig. 3.7(c). The first maxima in
Fig. 3.7(b) and Fig. 3.7(d) obviously shift to the left during charge and shift to the right
during discharge. During the cycling, the changes in distance between Ni and the
nearest coordinated atoms are more drastic than those between Mn and the nearest
coordinated atoms. The amplitudes of the first maxima at Ni K-edge remarkably

decrease during charge and increase during discharge. During charge, the second
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maxima in Fig. 3.7(a) and Fig. 3.7(c) slightly shift to the left indicating slight decrease
in distance between Mn and atoms coordinating in the second nearest shell. The same
trend of the second maxima in Fig. 3.7(b) and Fig. 3.7(d) is observed during charge
indicating smaller distance between Ni and atoms in the second coordination shell. The
amplitude ratios between the first and the second maxima in P3-type and P2-type
materials are both smaller than 1 at different charge and discharge states, except that of
P3-type material at Mn after charge to 4.5 V. The ratio between the first and the second
maxima in P3-type material is larger than 1 at Mn K-edge at charge voltage of 4.5 V
indicating the different changes of coordination around Mn and Ni in P3-type material
after charge to 4.5 V. In the range 3 - 5 A, the spectra in P2-type material at Mn and Ni
K-edge after discharge to 1.5 V overlap with those of pristine state. With regard to P3-
type material, the shape of the spectra in the range 3 - 5 A at Mn and Ni K-edge after
discharge to 4.5 V is different from those at Mn and Ni K-edge in the pristine state,

respectively.
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Fig. 3.7 The k’-weighted extended X-ray absorption fine structure spectra of P3-type
Nay 6;Mny¢;Niy 330, after Fourier transformation at the Mn (a) and Ni (b) K-edge and
those of P2-type Nag ¢, Mny¢Nij330, at the Mn (c) and Ni (d) K-edge at different states of
charge and discharge
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3.2.5 Local structure in P3-type Naj ¢7Mny 7Nio.330:

Fig. 3.8 illustrates the fitted k3-weighted EXAFS data of P3-type Nay¢7Mng¢7Nig 330,
after FT at the Mn K-edge in the 1 - 5 A range at different states of charge and
discharge.
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Fig. 3.8 Fourier transformation of the extended X-ray absorption fine structure spectra
along with the fitting profiles (fitting range of 1 - 5 A) of P3-type Nay¢;Mng 67Niy.330, at the
Mn K-edge in pristine material (a), after charged to 4.0 V (b), charged to 4.5V (¢),
discharged to 2.0 V (d) and discharged to 1.5V (e)

The amplitude reduction factor for Mn obtained by fitting the EXAFS data in pristine
P3-type Naje7Mng¢7Nig 330, is So2 =096 £ 0.11 with R = 0.0061, which is in the

physically reasonable range of 0.7<S,’<1.1!"**. The scattering model of Mn K-edge in

the pristine state is used to evaluate the local structural variation around Mn at different
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charge and discharge states. All calculated R values at different charge and discharge
states at Mn K-edge are smaller than 0.02 indicating the fitting results are physically
reliable!"'* %!, The first maxima in Fig. 8 are related to the scattering of photoelectrons
from the absorbing Mn atom to the nearest six occupied O atoms. The second maxima

are a result of photoelectron scattering from the absorbing Mn atom to the nearest six

occupied 7M atoms.

Fig. 3.9 illustrates the fitted k>-weighted EXAFS data of P3-type Nag¢;Mng 67Nig330,
after FT at the Ni K-edge in the 1 - 5 A range at different states of charge and discharge.
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Fig. 3.9 Fourier transformation of the extended X-ray absorption fine structure spectra
along with the fitting profiles (fitting range of 1 - 5 A) of P3-type Na,¢;Mn, ¢ Ni3;0; at the

Ni K-edge in pristine material (a), after charged to 4.0 V (b), charged to 4.5V (¢),

discharged to 2.0 V (d) and discharged to 1.5V (e)
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The amplitude reduction factor for Ni obtained by fitting the EXAFS data of the pristine
P3-type Nagy¢7Mng 67Nig 330, is So2 =0.99 £+ 0.13 with R = 0.0018 which is also in the
physically reasonable range. The scattering model in pristine P3-type material is used to
evaluate the local structural changes around Ni during the cycling. The amplitude
reduction factors are constant as 0.99 + 0.13 at different charge and discharge states of
P3-type material. The calculated R values at Ni K-edge at different charge and
discharge states are both smaller than 0.02. Similar to the first shell around Mn atoms,
the first maxima in Fig. 3.9 represent six O atoms occupying the first coordination shell
around a Ni atom. The second maxima are related to the scattering of photoelectrons

from the absorbing Ni to the nearest coordinated six 7M atoms and four Na atoms.

Fig. 3.10 is a schematic illustration of the local structure around Mn and Ni in pristine
P3-type Nay¢;Mng67Nig330,. The blue dot represents the absorbing 7M atom. In the
blue marked TM layer, there are six TM atoms around the central absorbing atom, which
contribute to the amplitudes of the second maxima in Fig. 3.8 and Fig. 3.9. The yellow
marked layer with three oxygen atoms is located above the 7M layer. Another three
oxygen atoms are located within a red marked layer below the 7M layer. The brown
rings stand for the sites of three Na atoms below the red marked oxygen layer and the
brown box represents the site of Na atom above the yellow marked layer. These four Na
sites are occupied when the central atom is Ni, but they remain unoccupied when the

central atom is Mn.
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Fig. 3.10 Schematic depiction of the local structure of P3-type Nag¢;Mng ¢7Nig 330, around
Mn and Ni

In the following, the structural variation of 7MOg units during cycling of P3-type
Nay 67Mny 67Ni9 330, is discussed by quantitative analysis of the EXAFS results. Fig.

34



3.11 schematically shows the local structure variation of P3-type Nay ¢7Mng ¢7Nig 330, at
different states of charge and discharge according to the fitting results of EXAFS data at
Mn and Ni K-edge. In pristine P3-type Naj¢;Mng67Ni 3302, the calculated length of
Mn-O and Ni-O bonds is 1.906 + 0.007 A and 2.077 + 0.008 A, respectively. The
distance between Ni and the nearest coordinated 7M is 2.905 + 0.010 A and that
between Mn and the nearest occupied 7M is 2.901 + 0.007 A. The average angle
between Mn-O bonds is calculated in octahedral 7MQOg units as 99.11° and that between
Ni-O bonds is calculated as 88.75°.
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Fig. 3.11 Schematic depiction of the changes of Mn-O, Mn-7TM, Ni-O and Ni-7M bonds in
P3-type Nay ¢ Mng4;Nig3;0; at various charge and discharge states obtained by fitting
EXAFS data at Mn and Ni K-edge
After charge to 4.0 V, the calculated length of Mn-O and Ni-O bonds is 1.900 + 0.008 A
and 1.955 + 0.011 A, respectively. The distance between Ni and the nearest coordinated
TM is 2.872 + 0.009 A and that between Mn and the nearest occupied 7M is 2.881 +
0.011 A. The average angle between Mn-O bonds is 98.19° and that between Ni-O

bonds is 94.92°.

At state of 4.5 V, the uncertainty of calculated interatomic distance becomes larger. The
calculated length of Mn-O and Ni-O bonds is 1.895 + 0.010 A and 1.940 + 0.018 A,
respectively. The distance between Ni and the nearest coordinated 7M is 2.862 + 0.013
A and that between Mn and the nearest occupied TM is 2.854 + 0.024 A. The average
angle between Mn-O bonds is 98.08° and that between Ni-O bonds is 94.71°.

After discharge to 2.0 V, the average interatomic distance between atoms is similar to

that of pristine. The length of Mn-O and Ni-O bonds is 1.906 + 0.007 A and 2.064 +
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0.006 A, respectively. The distance between Ni and the nearest coordinated 7M is 2.902
+ 0.008 A and that between Mn and the nearest occupied TM is 2.908 + 0.007 A. The
average angle between Mn-O bonds is 99.15° and that between Ni-O bonds is 89.57°.

At state of 1.5 V, the average interatomic distance between Ni and 7M continues
increase, while that between Mn and TM remains relatively constant. The length of Mn-
O and Ni-O bonds is 1.908 + 0.007 A and 2.074 + 0.008 A, respectively. The distance
between Ni and the nearest coordinated TM is 2.905 + 0.008 A and that between Mn
and the nearest occupied TM is 2.929 + 0.008 A. The average angle between Mn-O
bonds is 98.15° and that between Ni-O bonds is 89.84°.

Fig. 3.12 illustrates the changes of the Debye-Waller factor 6 for Mn-O, Ni-O, Mn-TM
and Ni-7M bonds in P3-type Naje7Mng7Nig330, at different charge and discharge
states obtained by fitting EXAFS data at Mn and Ni K-edge, respectively. The o°
parameter of Mn-O bonds is smaller than that of Ni-O bonds in pristine state. However,
the o parameter of Mn-TM bonds is slightly larger than that of Ni-TM bonds. The ”
parameters of Mn-O, Ni-O, Mn-7TM and Ni-TM bonds increase during charge. During
discharge, the ¢° parameters of Mn-O and Mn-TM bonds become smaller. The o°
parameters of Ni-O and Ni-TM bonds decrease during discharge from 4.5 to 2.0 V and
slightly increase during discharge from 2.0to 1.5 V.
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Fig. 3.12 Changes of the Debye-Waller factor for Mn-O, Ni-O, Mn-7M and Ni-7M bonds
in P3-type Nag s, Mng ;Niy 330, at different charge and discharge states

3.3 Discussion

Because we prepared P2-type and P3-type Naj ¢7Mn 67Nig 330, at different temperatures
(950 and 750 °C) with the same calcination time, the crystal structure of

Nag 67Mng 67Ni 330, is only determined by the temperature during calcination. The
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higher annealing temperature (950 °C) is responsible for larger particle size of P2-type
Nay7Mng 67Nig 330, in comparison with the lower annealing temperature (750 °C)
synthesized P3-type material, see Fig. 3.2. In P2-type and P3-type materials, Na atoms
both occupy the prismatic units. In P2-Nag ¢ Mng¢7Nip3302, Na atoms occupy two
different types of sites, edge-sharing and face-sharing sites, respectively. In different
P2-type Nag ¢77MO, materials, the ratio between Na atoms occupying edge-sharing and

[122, 130

face-sharing sites is different I There is only one type of occupancy of Na atoms

in P3-type Nag ¢7Mng 67Ni 3305.

Although Na atoms in P2-type and P3-type Nay¢7Mng¢7Nip330, occupy different
positions, the extraction of Na ions in these two structures is similar, which can be
concluded from the similar initial charge curve at 0.1 C shown in Fig. 3.3(a). The initial
charge capacities of P2-type and P3-typy materials are both larger than those of initial
discharge capacities, respectively. The number of inserted Na atoms after discharge to
1.5 V is larger than that of extracted Na ions after charge to 4.5 V. This leads to the
crystal structures of P3-type and P2-type materials after discharge to 1.5 V are different
from the pristine materials, respectively. The discharge capacity of P3-type
Nay 7Mng 67Ni 330, becomes larger than that of P2-type material after discharge to 1.9
V. That means, the structure changes in P3-type material is more drastic than that of P2-
type material in the discharge voltage 2.0 - 1.5 V. This is the reason for larger capacity
fading during cycling of P3-tpye Naye7Mnge7Nip330, in comparison P2-type
Nay 7Mng 67N 330,. The poorer structural stability of P3-type material is reflected by
the poorer rate capability in comparison with that of P2-type material. The specific
discharge capacity of P3-type material is higher than those of P2-type material in the
first 40 cycles, shown in Fig. 3.3(b). That means, P3-type material is a promising
cathode which is prepared with lower energy consumption. However, the reason for
poor cycling performance of P3-type material is urgently explored to enlarge the

capacity retention and prolong cycling life.

We compared the XANES results at different charge and discharge states in P3-type and
P2-type Nay ¢7Mng ¢7Nig330, to figure out the reason for larger specific capacity in P3-
type material. As shown in Fig. 3.5, the average valance state of Mn is between +3 and
+4 in both P2-type and P3-type material and that of Ni in P2-type and P3-type materials
is between +2 and +3. In Fig. 3.6, we observe lower energy of the peak at Mn and Ni K-
edge in P2-type material. However, it is difficult to compare the valence state of Mn and

Ni in P2-type and P3-type materials through comparing the energy position of the main
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peaks at the Mn and Ni K-edge. The reason is the local structure around 7M in P2-type
and P3-type materials are different from each other. The different coordination around
Mn and Ni also affects the width and the shape of white line in the spectra of P2-type
and P3-type materials at Mn and Ni K-edge, respectively.

Here, the energy shifts of the main peak qualitatively demonstrate the redox reaction of
Mn and Ni atoms in P2-type and P3-type materials. The energy shift at the Mn K-edge
is smaller than that at the Ni K-edge, both in P2-type and P3-type materials after charge
to 4.5 V, indicating the main oxidation activity of Ni in both P2-type and P3-type
materials. After charge to 4.5 V, the main peaks of Ni K-edge in P3-type and P2-type
materials are both located at higher energy in comparison with that of LiNiO; indicating
some Ni atoms have been oxidized to Ni*". The slightly larger charge capacity of P3-
type material after charge to 4.5 V is a result of oxidation of Mn, which is reflected by
the increase in energy of Mn K-edge in P3-type material with charge voltage increase
from 4.0 to 4.5V, see Fig. 3.6. During discharge, Ni atoms in P3-type and P2-type
materials demonstrate the main reduction activity and contribute to the capacity of these
materials. In the discharge voltage range 2.0 - 1.5 V, Ni atoms in P3-type material
continue to be reduced and mainly contribute the discharge capacity of P3-type material.
The large reduction activity of Ni is the reason for larger capacity of P3-type material,

though the reduction of Mn in P2-type material is more obvious.

The k3—weighted EXAFS data of P3-type and P2-type Najs7;Mny¢7Nig 330, after FT at
the Mn K-edge and Ni K-edge is in agreement with XANES data which indicates Ni
atoms demonstrate the main redox activity during charge of P2-type and P3-type
materials while the redox activity of Mn is relatively low. The distance between Ni and
the atoms in the first shell is obviously changing during charge and discharge, illustrated
in Fig. 3.7(b) and Fig. 3.7(d), while that between Mn and the atoms in its first shell is
relatively constant during charge and discharge. The amplitude changes of the first and
the second maxima of P3-type material at Mn and Ni K-edge are more drastic than
those of P2-tye material indicating severe local structural changes during the cycling of
P3-type material. The difference in amplitude and shape of spectra at Mn and Ni K-edge
in comparison between the pristine state and the state of 1.5 V is smaller in P2-type
material indicating better local structural recoverability in P2-type material which is

responsible for better cycling performance.
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In order to elucidate the reason for poor cycling performance of P3-type material during
the cycling, the k3-weighted EXAFS data of P3-type Nay ¢;Mng 7Nig 330, after FT at the
Mn K-edge and Ni K-edge is fitted using the Artemis program. The first maxima in Fig.
3.8 and Fig. 3.9 are related to the scattering of photoelectrons from the absorbing Mn or
Ni atoms, respectively, by the nearest occupied O atoms. Because of the dominant redox
activity of Ni atoms compared with Mn atoms in P3-type Nags;Mng7Nig330,, the
variations in position of the first maxima in the FT of the k® weighted EXAFS spectra,
see Fig. 3.9, are ascribed to the oxidation and reduction of Ni atoms during charge and
discharge. The redox of Ni leads to changes in the electrostatic attraction between Ni
and O atoms, which are observed as shrinkage and elongation of Ni-O bonds,
respectively. The changes in amplitude and shape of maxima are also determined by the
variation in coordination number and distortion of the crystal lattice around Mn and Ni
atoms!'*!!. The amplitudes of the second maxima in Fig. 3.8 and Fig. 3.9 are ascribed to
the scattering of photoelectrons from the, respectively, absorbing Mn and Ni atoms by

the nearest coordinated TM and Na atoms.

In P3-type Nag7Mng¢7Nip3302, Mn and Ni occupy the centers of octahedral TMOg
units, similar to the occupancy of TM ions in other layered Na,7MO, materials!! 22134,
In fact, including Ni-Na scattering paths in the 2 - 3 A range in the fitting procedure, we
found considerable improvement of the quality of the fits to the Ni K-edge EXAFS data
of pristine P3-type Nags7Mng7Nip330,. The best fits were obtained when all four
nearest Na sites around Ni are occupied. In contrast, the quality of the fits at the Mn K-
edge was improved by excluding the scattering between Mn and Na in the fitting range

of 2 - 3 A, pointing to unoccupied nearest Na coordination sites around Mn.

In combination of ordered arrangement of Mn and Ni in P3-type material, the
preferential occupation of Na around Ni is assumed to be the result of the electrostatic
repulsion between 7M and Na atoms. The wvalence state of 7M in P3-type
Nay 7Mny 67Nig 330, calculated by charge balance is +3.33. The average valence state of
Mn atoms in pristine P3-type Nag¢7Mng 7Nig 330, is higher than +3 and close to +4,
while the average valence state of Ni is between +2 and +3. This indicates Mn atoms in
pristine P3-type Nag¢7Mng 67Nip 330, mainly exist as Mn*" with small amount of Mn>".
With regard to Ni atoms, Ni*" and Ni*" coexist in pristine P3-type Nag 67Mng ¢7Nig 330;.
The valence state of Mn*" is larger than that of Ni*" indicates the electrostatic repulsion
between Mn*" and Na" is larger than that between Ni*" and Na". The larger electrostatic

repulsion between Mn*" and Na" is supposed to be the reason for unoccupied Na sites
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around Mn. The results from our EXAFS measurements therefore suggest that the
presence of Na vacancies around Mn atoms as well as Na atoms around Ni is the

energetically most favorable arrangement in pristine P3-type Nay ¢7Mng 67Nig 3305.

In the following, the structural changes of 7MOQOg units in view of interatomic distance
and bond angle during cycling of P3-type Nag ¢7Mng ¢7Ni 330, are discussed by fitting
EXAFS data at Mn and Ni K-edge. In the present work, we used the scattering model of
pristine P3-type Nay¢7Mng7Nip 330, to assess the local structural changes around Mn
and Ni at different charge and discharge states. This analysis method is reported in
fitting the EXAFS data of layered Li7MO, without consideration of phase transitions

135 138 Dyring cycling of layered Na,7MO, materials, no matter the

during cycling!
pristine P2-, P3- and O3-type materials or the OP4 interphase, the structure of 7MOg
units is regarded as octahedral units!'* "), Using the Artemis program, all calculated R
values at different charge and discharge states at Mn and Ni K-edge are smaller than
0.02 indicating the scattering model is suitable for providing physically reliable

112,12
results!!'> 121,

In pristine, the length of Mn-O bonds is smaller than that of Ni-O bonds which is in
agreement with XANES at the Ni and Mn K-edge. The average valence state of Mn in
P3-type material is larger than that of Ni indicating larger electrostatic attraction
between Mn and O and shorter Mn-O bonds. After calculation, the average angel
between Mn-O bonds in pristine P3-type material is 99.11° which is larger than that of
Ni-O bonds (88.75°).

During charge to 4.0 V, the average length of Ni-O bonds decreases from 2.077 to 1.955
A which is ascribed to the oxidation of Ni. However, the average change in length of
Mn-O bonds is only 0.006 A. This small value indicates low oxidation activity of Mn.
The decline in the average distance between Mn and TM from 2.901 to 2.872 A is
responsible for shrinkage of MnOg units within the a-b plane. Similarly, the contraction
of the average distance between Ni and TM from 2.905 to 2.881 A represents the
compression of NiOg units within the a-b plane. The shrinkage of MnOg and NiOg units
is the reason for the shrinkage of 7MO; layers at state of 4.0 V. During charge to 4.0 V,
the average angle between Mn-O bonds decreases by 0.92°, while that of Ni-O bonds

increases by 6.17°.

Continuing charge to 4.5 V, the average distance between Ni and 7M as well as that

between Mn and 7M both become smaller, though the uncertainty of these value
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increases. This indicates TMO, layers compress within the a-b plane. The larger
uncertainty of interatomic distance indicates changes in coordination structure around
Ni and Mn. In order to obtain more accurate local structure information around Ni, we
tried to fit the EXAFS data of the sample charged to 4.5 V using the crystal structures of
different MnO, and NiO, materials or neglecting the scattering path between 7M and
Na in the matched pristine scattering model. However, only using the same model and
the same scattering paths as that of pristine model can obtain the physically reasonable
results. The more accurate local structure information around Ni and Mn should be
investigated in the future. At state of 4.5 V, the occupancy of Na sites is expected to be
vacancies, the considered scattering between Ni and Na is the other reason for larger
uncertainty of the calculated interatomic distance. In the charge voltage 4.0 - 4.5 V, the
decline in average length of Mn-O bonds is small indicating low redox activity. The

average length of Ni-O bonds decreases by 0.015 A indicating the oxidation of Ni.

The dimensional changes in MnOg and NiOg units during discharge are reverse to those
of charge. From 4.5 to 2.0 V, the slight change in length of Mn-O bonds indicates low
reduction activity of Mn. The obvious elongation of Ni-O bonds indicates the main
reduction activity of Ni. The increase in average angle between Mn-O bonds is 1.07°,
while the decrease in average angle between Ni-O bonds is 5.14°. NiOg and MnOg units
expand within the a-b plane, reflected by longer distance between Ni and TM as well as
that between Mn and 7M. This indicates TMO, layers stretch within the a-b plane. The
dimension of TMO, layers within the a-b plane at state of 2.0 V becomes slightly larger

than that of pristine state.

During discharge to 1.5 V, we observe a slight change in distance between Mn and 7M,
while the average distance between Ni and TM continues increasing to 2.929 A. This
leads to further expansion of TMO, layers which have negative effect on structural
recoverability of P3-type material. The average length of Ni-O bonds increases by 0.01
A indicating reduction of Ni. The length of Mn-O bonds remains relatively constant
which is in agreement with XANES results. Mn atoms have no reduction activity in the

discharge voltage range of 2.0 - 1.5 V.

Although we observe dimensional changes of MnOg and NiOg units by EXAFS
measurements, the reason for these changes is difficult to be quantitatively compared.
During cycling, the extraction and insertion of Na lead to changes in the electrostatic

interaction between Na and 7MOg units affecting the dimension of 7MOg units. For P3-

41



type Nags7Mng67Nig330,, Na atoms prefer to occupy around Ni, while those sites
around Mn are unoccupied by Na. This indicates the dimensional changes in NiOg units
caused by the changes in electrostatic interaction between Na and TMOg units are severe
than that of MnOg units. With extraction and insertion of Na, 7M atoms are supposed to
be oxidized or reduced to maintain the charge balance of layered Na,7MO, materials
and electrostatic equilibrium between atoms, accompanying by changes of bond length
and bond angle in TMQOg units. Due to the main redox activity of Ni and low redox
activity of Mn in P3-type material, the changes in electrostatic attraction between TM
and O lead to more drastic dimensional changes in NiOg units than that of MnOg units.
In addition, the ionic radii and oxygen activity also affect the dimensional changes of

TMOg units!*® 137 1381,

Besides, the dimensional changes in 7MOg units lead to changes in NaOg units. During
cycling of layered Na,7MO,, the slide of TMO, layers is supposed to be the reason for
phase transitions, which are observed as structural changes in occupancy of Na sites!'*
%1 For one NaOg unit, the structural changes of this unit are affected by changes in
TMOg units above and below this unit. During the calculation, we hypothesize TMOg
units in P3-type material are ideal octahedral units. In these 7MOg units, they have equal
length of 7M-O bonds and equal angle between TM-O bonds. In this simplest situation,
the shrinkage and expansion of 7MOg units within the a-b plane and along the ¢ axis
change the dimension and structure of NaOg units during cycling of P3-type material. In
the actual situation, the length of 7M-O bonds in one TMOg unit is different from each
other. There is a difference in the angle between TM-O bonds. Thus, the dimensional
changes of TMOg units lead to more drastic changes in NaOg units which affect the
structural stability of P3-type material. That means, hindering the dimensional changes
in TMOg units is useful for decreasing the dimensional changes in NaOg units. For P3-
type Nage7Mng7Nig330,, two strategies are feasible to improve the cycling
performance of this material. The first one is to change the ordered arrangement of Mn
and Ni into disordered distribution, which hinders the preferential occupancy of Na
around Ni. This decreases the influence of changes in electrostatic interaction between
Na and NiOg units on dimensional changes in NiOg units. The other one is to decrease
the redox activity of Ni resulting in smaller shrinkage and elongation of Ni-O bonds.
However, more Mn atoms are expected to be oxidized and reduced to compensate the

charge and contribute the capacity during cycling.
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The distortion of Mn-O bonds is smaller than those of Ni-O at different charge and
discharge indicating the better structural stability of MnOg than that of NiOs, see Fig.
3.12(a). The distortion of Ni-O, Mn-O, Ni-TM and Mn-TM bonds both increases after
discharge in comparison with those in pristine state which is a result of larger insertion

of Na in P3-type Nag ¢7Mny ¢7Ni¢ 330, after discharge in comparison with charge.

3.4 Conclusions

P3-type Nags7Mny7Nig 330, delivers higher specific capacity with at lower annealing
temperature (750 °C) than P2-type material in the voltage range 1.5 - 4.5 V. During the
cycling, the redox of Ni atoms mainly compensates the charge with extraction and
insertion of Na in P2-type and P3-type materials. Based on the local structure
investigation of P3-type material by EXAFS, the shrinkage and expansion of MnOg and
NiOg units lead to the dimensional variation of TMO, layers and affect the structural
recoverability of P3 phase after discharge. Hence, hindering the shrinkage of TMO,
layers within the a-b plane during charge and expansion of TMO, layers during
discharge is supposed to be an effective way to improve the cycling performance of
layered Nay7MO,. Due to the ordered arrangement of 7M in P3-type
Nay.7Mng 67Nig330,, Na atoms prefer to occupy around Ni while Na sites around Mn
remain as vacancies. This leads to different electrostatic interaction between Na and
TMOg units affecting the dimensional changes of 7MOg units. Hence, one feasible
strategy to improve the cycling performance of layered Na,7MO, materials is to change
the ordered arrangement of 7M into disordered distribution. The other possible method
to improve the cycling performance of P3-type Najs7Mng67Nip330; is to decrease the

redox activity of Ni and increase the redox activity of Mn.
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4 Core-shell design 1 P3-type
Nay 67Mny ¢7N1¢ 330

4.1 Motivation

Although P3-type Najs7Mng ¢7Nip 330, has high specific capacity and is prepared at a
lower synthesis temperature, the severe capacity fading is urgently to be improved. No
matter the surface modification or the substitution both indicate extra consumption of
raw materials during the preparation of P3-type Nag¢7Mng67Nig330,. In chapter 3, we
confirm the ordered arrangement of Mn and Ni ions in P3-type Naj¢7Mng 67Nig 330, is
responsible for the preferential occupancy of Na around Ni which affects the
dimensional changes of 7MOg units. In combination of Wang’s previous work on P2-
type Nay¢Cro6Ti940,, selecting TM ions with similar ionic radii is effective to obtain
the disordered arrangement of 7M ions in P2-type Nay7MO, and improve their Na

11981 A special method, which is useful to obtain P3-

storage and cycling performance
type Nag 67Mny 67Nig 330, with disordered arrangement of TM, is urgently to be explored.
One promising method is to synthesize core-shell designed materials, which consist of a
core with high redox activity material contributing the capacity and a shell with low
redox activity material remaining the stable structure. The core-shell design has been
confirmed as a powerful way for inhibition of capacity fading during the cycling of
LiTMO, materials!'**'*”. However, the core-shell designed Na,7MO, is never reported
previously. The core-shell design was performed in P3-type Naj¢7Mng ¢7Ni 330, which

changes the ordered arrangement of Mn and Ni into a special disordered distribution

without any substitution or the ionic radii management. In addition, the lower synthesis
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temperature of P3-type Nags7;Mng67Nig330, further lowers the energy consumption

during preparation.

In the present chapter, the difference between the normal and the gradient core-shell
designed P3-type Nagy¢7Mnge7Nig330, is compared by scanning electron microscopy
(SEM). Focused ion beam (FIB) and energy dispersive X-ray (EDX) spectroscopy are
performed to analyze the concentration of Mn ion from the surface to the core in the
normal and the core-shell designed P3-type materials. The phase transition of P3-type
Nay ¢7Mny 67Nig 330, after core-shell design is qualitatively investigated by operando X-
ray diffraction (XRD) and elucidates the reason for better capacity properties of the
gradient core-shell designed P3-type Nagg7Mng7Nip330, in comparison with the

normal P3-type Nag ¢7Mny 7Nig 3305.

4.2 Results

4.2.1 Characteristics

Fig. 4.1 illustrates XRD patterns of the core-shell designed P3-type Nag 67Mny ¢7Nig 3302

in comparison with that of the normal P3-type material.
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Fig. 4.1 X-ray diffraction patterns of the normal and the core-shell designed P3-type
Nay 7Mny ¢7Nig 330, (a) and Rietveld refinement results of the core-shell designed P3-type
Nay ¢;Mny ¢7Niy 330, (b)

As shown in Fig. 4.1(a), each reflection peak in the core-shell designed P3-type material
is located at 20 angle similar to that of the normal P3-type material, which indicates
similar crystal structure between the normal and the core-shell designed materials. Fig.
4.1(b) illustrates that all the reflections in XRD pattern of the core-shell designed P3-tye
material are indexed in the hexagonal system using R3m space group which is in
agreement with P3-type Na,; TMO, material ">,
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Fig. 4.2 shows the difference in morphology and cross section between the normal and

the core-shell designed P3-type Nag 67Mny ¢7Ni 330, particles.
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Fig. 4.2 Scanning electron microscopy images of the gradient core-shell (a) and the normal
(b) P3-type Nay 6;Mny¢,Nig 330, as well as the cross section images of the gradient core-
shell (c) and the normal (d) P3-type material with the concentration changes of Mn from

the shell to the core of them obtained by energy dispersive X-ray (e)

Unlike the homogenous particles in the normal P3-type Nage¢7Mnge7Nip330;, the
particles on the surface of the core-shell designed P3-type Nage7Mnge7Nig330, are
smaller and these small particles cover some large particles. The focused ion beam (FIB)

was used to cut the particles of the normal and the core-shell designed P3-type
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Nay 67Mng 67Nig 330, and the SEM images demonstrate the half part of the cross section
in Fig. 4.2(c) and Fig. 4.2(d), respectively. We observe many pores in the core-shell
designed P3-type Nags7Mnge7Nig330,, while the inner part of the normal P3-type

Nay 67Mny 67Nig 330, demonstrates less pores.

In order to further confirm the existence of core-shell layers, the concentration of Mn
from the surface to the core is compared by line scan EDX between the normal and the
core-shell designed P3-type Naj¢7Mng 67Nig 330, recorded from the surface to the core,
as illustrated in Fig. 4.2(¢). The Mn composition in the normal P3-type
Nag ¢7Mng ¢7N1g 330, fluctuates around a certain value from the surface to the center. In
the shell of the special designed P3-type material, the average concentration of Mn
remains relatively constant. In the core of the special designed P3-type material, the

average concentration of Mn decreases.

Fig. 4.3 illustrates the normalized XANES spectra of P3-type Nag ¢7Mng ¢7Nig 330, in the
core-shell state and in the normal state at Mn and Ni K-edge in comparison with Mn

oxides and Ni oxides reference compounds, respectively.
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Fig. 4.3 Normalized X-ray absorption near edge structure spectra of the core-shell
designed P3-type Nags;Mny¢;Niy 330, and of the normal P3-type Na, c;Mng ;Nij3;0, at Mn
(a) and Ni (b) K-edge with relevant oxide references

The pre-edge, representing the electron transition from 1s to 3d orbital, is unobvious at
both Mn and Ni K-edge. The main peaks in Fig. 4.3(a) and Fig. 4.4(b) correspond to the
electron transition from the 1s to the unoccupied 4p orbital at Mn and Ni K-edge,
respectively. The Mn K-edge of the core-shell designed P3-type material is coincident
with that of the normal P3-type material. The peak position of Ni K-edge in the core-
shell designed material is located at the same energy position as that of the normal P3-

type material, while the intensity of Ni K-edge in the core-shell designed P3-tye
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material is higher. This indicates the average valence state of Ni in the gradient core-

shell designed material is the same as that of the normal P3-type material.

4.2.2 Electrochemistry

Fig. 4.4 displays the initial charge and discharge curves of the core-shell designed P3-
type Nag ¢7Mng ¢7Ni¢330, in the voltage ranges 1.5 -4.5Vand 2.0-4.1Vat0.1 C(1C
=100 mA-g") and the corresponding cycling performance at 1 C in the voltage ranges
1.5 - 4.5 V from the 4™ to the 200" cycle and 2.0 - 4.1 V from the 4™ to the 250" cycle

in comparison with the normal P3-type Nag ¢7Mng ¢7Nig 3305.
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Fig. 4.4 First charge and discharge curves of the core-shell designed P3-type
Nay ¢7Mny¢7Nig 330, in the voltage ranges 1.5-4.5V (a) and 2.0-4.1V (b)at0.1C (1 C=
100 mA-g'l) in comparison with the normal P3-type Nag ¢ Mny ;Nij 330, and the
corresponding cycling performance at 1C in the voltage ranges 1.5 - 4.5 V from the 4" to
the 200™ cycle (c) and 2.0 - 4.1 V from 4™ to the 250" cycle (d)

As shown in Fig. 4.4(a) and Fig. 4.4(b), the core-shell designed P3-type
Nay 67Mny 67Nig 330, delivers initial capacities of 173 mAh-g'1 during charge and 245
mAh-g” during discharge in the voltage range 1.5 - 4.5 V. They are larger than the

corresponding values of the normal P3-type material. However, the capacities of the
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core-shell designed P3-type Nay¢;Mng¢7Nip 330, are 88 and 93 mAh~g'1 during charge
and discharge, respectively, in the voltage range 2.0 - 4.1 V. The capacities of the core-
shell designed P3-type material are smaller than those of the normal P3-type material in

the voltage range 2.0 - 4.1 V.

Although the core-shell designed P3-type Naje7Mnge7Nip330, demonstrates larger
initial capacities in the voltage range 1.5 - 4.5 V, the capacity decay in the gradient
core-shell designed P3-type Naj¢7Mny ¢7Nig 330, is more drastic than that of the normal
P3-type material, illustrated in Fig. 4.4(c). After 120 cycles, the core-shell designed
material demonstrates smaller capacities than the normal P3-type material. The
discharge capacity retention of the core-shell designed material after 200 cycles in the
voltage range 1.5 - 4.5 V is only 16% in comparison with the discharge capacity in the

4" cycle.

In contrast, the cycling performance of the core-shell designed P3-type
Nay.7Mng 67Nig 330, in the voltage range 2.0 - 4.1 V is obviously better than that of the
normal P3-type material, though the core-shell designed Nages;Mnge7Nig3302
demonstrates slightly lower capacities in comparison with the normal P3-type material,
shown in Fig. 4.4(d). After 150 cycles of slight capacity decay, the capacity of the
normal P3-type material decreases strongly. However, the capacity fading of the core-
shell designed P3-type material is unobvious in Fig. 4.4(d). The discharge capacity of
the core-shell designed P3-type material is 74 mAh-g™ after 250 cycles in the voltage
range 2.0 - 4.1 V which is much higher than that of the normal P3-type material. The
discharge capacity retention of the core-shell designed P3-type Nay¢7Mng¢7Nig330; 1s
86% after 250 cycles in comparison with the capacity of the 4™ cycle.

Fig. 4.5 illustrates the rate capabilities and the relevant capacity retention of the normal
and the core-shell designed P3-type Naj¢7Mng 67Nig 330, in the voltage ranges 1.5 - 4.5
V and 2.0 - 4.1 V at constant charge rate of 0.1 C (1 C = 100 mA-g") and at various
discharge rates from 0.1 C to 20 C each for 5 cycles, respectively. In the voltage range
1.5 - 45 V, the core-shell designed P3-type Nags;Mng¢7Nip330, delivers higher
discharge capacities at different discharge rates as shown in Fig. 4.5(a). However, the
capacity decay in the core shell designed P3-type Najs7Mng7Nip330; is also severe at
different discharge rates in comparison with the normal P3-type material in the voltage
range 1.5 - 4.5 V, especially during the first 5 cycles at 0.1 C. The discharge capacity of
the normal P3-type Nay¢;Mng67Nig 330, decreases from 234 mAh~g'1 in the 1% cycle to
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17 mAh-g” in the 40" cycle in the voltage range 1.5 - 4.5 V, while the discharge
capacity of the core-shell designed P3-type Nay¢;Mng67Nig 330, is 239 and 30 mAh-g'1
in the 1* and the 40™ cycles, respectively. When the discharge current decrease to 10
mA-g' (0.1 C), the discharge capacity of the core-shell designed P3-type
Nag ¢7Mng 67N1g 330, returns back to 142 mAh-g'1 in the 41% cycle and remains as 134
mAh-g”" in the 45 cycle, which is at least 30 mAh-g”' higher than that of the normal
P3-type Nag 67Mno.67Ni3302.
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Fig. 4.5 Rate capabilities of the core-shell designed P3-type Na, ¢, Mny¢Nij 330, at different
discharge rates in the voltage range 1.5-4.5V (a) and 2.0 - 4.1 V (¢) and corresponding
discharge capacity retention in the voltage range 1.5 -4.5V (b) and 2.0 - 4.1 V (d) in
comparison with the normal P3-tye Na, ¢;Mny 6;Niy.330,

As shown in Fig. 4.5(b), the capacity retention of the core-shell designed P3-type
Nay 67Mng 67Nig 330, is larger than that of the normal P3-type Nay ¢7Mng 7Nig330;. The
capacity of the normal P3-type material remains less than 50% after 16 cycles, while
that of the core-shell designed P3-tye material remains larger than 50% after 20 cycles.
The capacity retention of the core-shell designed P3-type Naj¢7Mng ¢7Nig330; 1s around

14% at 20 C from the 35" to 40™ cycles which is slightly larger than that of the normal
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P3-type material. From the 41* to 45™m cycles, the capacity retention becomes larger than

55%.

In the voltage range 2.0 - 4.1 V, see Fig. 4.5(c), the initial discharge capacity of the
core-shell designed P3-type material is only 94 mAh-g™' which is obviously smaller than
that of the normal P3-type material (98 mAh-g™). In the first 5 cycles, the discharge
capacities of these two materials both increase. During discharge at 0.2 C from the 6" to
the 10™ cycle, the capacity gap between the normal and the core-shell designed
materials becomes smaller. From the 21 to the 25" cycles, the discharge capacities of
the core-shell designed P3-type material are larger than that of the normal P3-type
material. At discharge rate of 20 C, the discharge capacity of the core-shell designed P3-
type material is larger than 80 mAh-g”, while that of the normal P3-type material is
smaller than 73 mAh-g’. However, the capacity of the normal P3-type material
becomes larger than that of the core-shell designed P3-type material from the 41% cycle
at discharge rate of 0.1 C.

As shown in Fig. 4.5(d), the capacity retention in the core-shell designed P3-type
material is obviously larger than that of the normal P3-type material during first 40
cycles at different discharge rates. With increase of discharge rates, the gap of capacity
retention between the normal and the core-shell designed P3-type material becomes
larger. At discharge rate of 20 C, the capacity retention of the core-shell designed P3-
type material remains larger than 85%, while that of the normal P3-type material
remains smaller than 75%. From the 41" to the 45™ cycles at 0.1 C, the capacity
retention of the normal and the core-shell designed P3-type material are larger than

100%.

According to the outstanding capability of the core-shell designed P3-type material at
20 C in the voltage range 2.0 - 4.1 V, illustrated in Fig. 4.5(c), the cycling performance
of these two materials during the slow and fast cycling was compared in this voltage
range 2.0 -4.1 V. Fig. 4.6 illustrates the cycling performance of the core-shell designed
P3-type Naj 67Mng 7Nig 330, in the voltage range 2.0 - 4.1 V at different charge rates of
0.1 C and 20 C and discharge rate of 20 C in comparison with the normal P3-type
Nag 67Mng 67Ni330,. The cycling performance of the core-shell designed P3-type
Nay 67Mny 67Ni 330, is obviously improved at different charge rates in the voltage range
2.0 - 4.1 V in comparison with the normal P3-type Naj¢;Mng67Ni330,. During slow

charge and fast discharge, the capacities of the gradient core-shell designed P3-type
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Nay 67Mny 67N 330, 1s smaller than that of the normal P3-type material at the beginning,
see Fig. 4.6(a). After 80 cycles of slow charge and fast discharge, the capacities of the
normal P3-type material are smaller than the corresponding values of the core-shell
designed P3-type material and the capacities of the normal P3-type material starts to
decrease drastically. The capacity of the core-shell designed P3-type material are 60
mAh-g” after 400 cycles of slow charge and fast discharge, which remains as 77% of
the discharge capacity in the 4™ cycle. However, the capacity of the normal P3-type

material decreases to 23 mAh-g” after 400 cycles.
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Fig. 4.6 Cycling performance of the core-shell designed P3-type Nag ¢ Mny¢Nij 330, in the
voltage range 2.0 - 4.1 V at charge rate of 0.1 C (1 C =100 mA-g™) and discharge rate of 20
C (a) and at charge rate of 20 C and discharge rate of 20 C (b) in comparison with the
normal P3-type Nag ¢ Mny ¢,Nig 330,

As shown in Fig. 4.6(b), the core-shell designed P3-type material demonstrates drastic
capacity decay from 83 to 59 mAh-g"' during fast charge and fast discharge for 20
cycles. The capacity of the normal P3-type material has similar fading trend as the core-
shell designed P3-type material. Then, the capacity of these two materials slightly
increases in the following tens of cycles. From the 120" cycle, the capacity of the core-
shell designed P3-type material decreases gradually and slowly. The capacity of the
core-shell designed P3-type material is 50 mAh-g” after 1000 cycles of fast charge and
discharge which is 2 times of the normal P3-type material. The discharge capacity of the
core-shell designed P3-type Nag¢7Mng67Ni 330, after 1000 cycles of fast charge and

discharge remains as 67% of the discharge capacity in the 4 cycle.

4.2.3 Operando XRD

Fig. 4.7 shows the structure evolution of the normal and the core-shell designed P3-type

Nay 67Mny ¢7Nig 330, recorded by operando synchrotron XRD measurements during the
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first cycle at 0.1 C in the voltage range 1.5 - 4.5 V with the charge and discharge curves,
respectively. The changes in intensity and width of reflections correspond to the phase
transitions during charge and discharge which are in analogy to the intercalation of

sodium in other layered Na, 7MO,!!?!- 122 1401
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Fig. 4.7 Operando X-ray diffraction evolution of the normal (a) and the core-shell designed
(b) P3-type Na, ¢, Mny4;Nij330, with charge and discharge curves at 0.1 C (1 C =100
mAh-g™) in the voltage range 2.0 - 4.1 V.

As shown in Fig. 4.7(a), there are two peaks of high intensity located at the diffraction
angles 20 = 17.2° and 19.4° which, respectively, represent (101)/(012) and (104)
reflections of the normal P3-type Nag ¢7Mng¢7Nig 330, in agreement with the hexagonal
crystal structure with R3m space group. All plateaus of the charge and discharge curves
in Fig. 4.7(a) are connected to the phase evolution of the normal P3-type
Nay 67Mng 67Nig 330, observed as variations in intensity and width of (101)/(012) and
(104) reflections during charge and discharge. During charge, constant intensity and
width of (101)/(012) reflection in the voltage range 2.6 - 3.2 V are observed, though
some Na ions must have been extracted from the normal P3-type material and
contribute the charge capacity. Elevating the voltage to 3.6 V, the width of the
(101)/(012) reflection increases. The intensity of (101)/(012) and (104) reflections in the
voltage range 3.6 - 4.2 V slightly increases. At the charge voltage of 4.2 V, the intensity
of (101)/(012) reflection sharply increases and the (104) reflection disappears.

After charge to 4.5 V, the voltage was switched off and the battery was rested for 10
min. We observe the intensities of the (101)/(012) reflection at discharge voltage of 4.1
V is smaller than that after charge to 4.5 V and the (104) reflection appear after the rest
time.
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In the discharge voltage range 4.1 - 3.2 V, the intensity variation of the (101)/(012) and
(104) reflections remains relatively constant, while the width of the (104) reflection
decreases during discharge to 3.6 V and then increases during discharge to 3.2 V. At
discharge voltage of 3.2 V, the intensity of (101)/(012) reflection suddenly increases.
During discharge from 3.2 to 1.9 V, the tapered width of (101)/(012) and (104)
reflections is observed. At discharge voltage of 1.9 V, the intensity of (101)/(012)
reflection drastically decreases. And the (104) reflection disappears after discharge to

1.9V.

As shown in Fig. 4.7(b), two main reflection peaks, located at the diffraction angles 20
= 17.1° and 19.3°, represent the (101)/(012) and (104) reflections of the core-shell
designed Nags7Mny¢7Nip330, indexed by the hexagonal crystal structure with R3m
space group. The initial voltage during charge of the core-shell designed P3-type
Nay 7Mng 67Nip 330, (1.8 V) is lower than that of the normal P3-type material (2.5 V).
Although Na atoms are extracted from the core-shell designed P3-type material in the
charge voltage between 1.8 and 2.0 V, the changes in intensity and width of the
(101)/(012) and (104) reflections remains relatively constant. In the charge voltage
between 2.0 and 3.0 V, the extracted number of Na is smaller than in the charge voltage
range 1.8 - 2.0 V and the intensity and the width of the (101)/(012) reflection remain
constant. In the charge voltage between 3.0 and 4.5 V, the charge curve of the core-shell
designed P3-type material reveals three plateaus which occur around 3.2, 3.6 and 4.1 V.
The similar plateaus in the normal P3-type material are observed in Fig. 4.7(a).
However, the XRD patterns demonstrates different changes in intensity and width of the
(101)/(012) and (104) reflections between the core-shell and the normal P3-type
materials. In the charge voltage 3.2 - 3.6 V, the intensity of the (101)/(012) and (104)
reflections increases with charge voltage and the width of those reflections becomes
wider. The intensity of the (101)/(012) and (104) reflections drop down sharply at
charge voltage of 3.7 V. In the charge voltage range 3.7 - 4.2 V, the width of the
(101)/(012) and (104) reflections becomes smaller with increase of voltage. In the
charge voltage range 4.2 - 4.5 V, the width of the (104) reflection remains relatively

constant and is larger than that at 4.2 V.

After charge, the cell of the core-shell designed P3-type material was rested for 10 min.
We only observe slight increase in width of the (104) reflection. The difference in
intensity of the (101)/(012) and (104) reflections is relatively small before and after the

rest time. This trend is different from the normal P3-type material.
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The discharge curve of the core-shell designed P3-type Nagg7Mng7Nip330,
demonstrates plateaus similar to those of the normal P3-type material. However, we
observe different changes in intensity and width of the (101)/(012) and (104) reflections
in Fig. 4.7(b) during discharge of the core-shell designed P3-type material. In the
discharge voltage range 4.1 - 3.6 V, the changes of the (101)/(012) reflection in
intensity and width are unobvious, while the width of the (104) reflections becomes
narrow with decreasing voltage. In the voltage range 3.6 - 2.1 V, we cannot observe
obvious changes in intensity and width of the (101)/(012) and (104) reflections. At
discharge voltage of 2.1 V, the intensity of the (101)/(012) reflection increases, while
that of the (104) reflections decreases. In the discharge voltage range 2.0 - 1.8 V, the
intensity of the (101)/(012) and (104) reflections is similar to that in the voltage range
3.5 - 2.1 V and remains relatively constant. At discharge voltage of 1.7 V, we observe
increase in intensity of the (101)/(012) and decrease in intensity of (104) reflections
again. With discharge voltage decreasing to 1.5 V, the width of the (101)/(012)
reflections increases slightly, while the intensity of the (101)/(012) and (104) reflections

remains constant.

4.3 Discussion

During the preparation of the core-shell designed P3-type Naj¢7Mng ¢7Ni 330, the total
molar ratio between Mn and Ni is constant and the same as for the normal P3-type
material. In the normal P3-type material, the ordered arrangement of Mn and Ni exists
in one TMO, layer. After core-shell design, the distribution of Mn and Ni is different
from the core and the shell. Hence, the distribution of Mn and Ni in the core-shell
designed P3-type material is regarded as disordered arrangement of Mn and Ni. The
similar XRD patterns of the normal and the core-shell designed P3-type materials
indicate the same crystal structure between the normal and the core-shell designed P3-
type materials. Generally, the crystal structure of Nay7MO, is determined by the
annealing temperature, the type of 7M, the ratio between different types of 7M and the
concentration of Nall%!¥, Here, we confirm the structure of Nagy¢;MnxNi; O, is only
affected by the annealing temperature rather than by the changes in concentration of Mn

and Ni.

The particles on the surface of the core-shell designed P3-type material are smaller than
that of the normal P3-type material. As the Mn and the Ni ratio is the only parameter

which differs in the core and the shell we assign the smaller particle size in the shell to
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the higher Mn to Ni ratio on the surface. Obviously, the higher concentration of Mn in

Nay 7Mn,Ni; O, is supposed to refine the particles.

We observe a gradient in the concentration of Mn from the core to the shell in Fig.
4.2(e). This indicates the existence of core-shell structure in the special designed P3-
type material. However, it is difficult to confirm the existence of gradient concentration
of Ni by EDX. One reason is that the diffusion of Ni is faster than that of Mn in the
core-shell designed P3-type material'®. After annealing at 700 °C, the distribution of
Ni is supposed to be uniform from the core to the shell. In addition, the pores inside of
the core-shell designed P3-type materials and the aggregation of nanoscale particles
affects the accuracy of EDX measurements. In the following, we observe increase in the
initial discharge capacity of the gradient core-shell P3-type Najs7Mng ¢7Nig330; in the
voltage range 1.5 - 4.5 V and improvement in the cycling performance of this material
in the voltage 2.0 - 4.1 V. This is supposed to be a result of the existence of the core-

shell structure.

In the core-shell designed material, the average valences of Mn and Ni remains the
same as those in the normal P3-type material observed as the same energy positions of
Mn and Ni K-edge in normal and core-shell designed Nagg¢7;Mnge7Nip330,. In
consideration of electroneutrality of the Ni rich core, the Mn rich shell and the whole
core-shell particle, the increasing number of Mn*" is expected to be the same as the
increasing number of Mn”>" which is half of the decreasing number of Mn’". The
concentration changes of Ni*", Ni*" and Ni*" is presumably the same variation trend as
that of Mn. The increasing number of Ni*" is equal to that of Ni*" which is half of the
decreasing number of Ni**, According to the literature, Ni atoms in Na,7MO, are
oxidized to Ni*" during charge and Mn atoms are reduced to Mn®" during discharge!”
24 That indicates Ni*" and Mn*" are hardly oxidized to higher valence states and
contribute the charge capacity of the core-shell designed P3-type Nags7Mny ¢7Nip3305.
Similarly, the Ni*" and Mn®" are hardly reduced to provide the discharge capacity of the
core-shell designed P3-type material. This is assumed to be one reason for lower
capacities of the core-shell designed P3-type material in the voltage range 2.0 - 4.1 V. In
addition, the concentration of Mn*" and Ni*" in the core-shell designed P3-type
Nag67Mng ¢7Nig 330, are larger than those in the normal P3-type material which is
responsible for the larger capacities during the cycling of the gradient core-shell

designed P3-type material in the voltage range of 1.5-4.5 V.
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Besides, the different charge distribution in the core-shell designed material affects the
cycling performance of it. During charge, Mn*" and Ni*" are difficultly oxidized which
indicates Na would not diffuse to the vacancies around 7M"". The structural changes of
TM* O units are relatively small in comparison with 7M°"Og and TM*'Os units. This
indicates smaller dimensional changes of TMOg units and is responsible for smaller
capacity fading during charge. Similarly, the structural changes of 7M* O units during
discharge are relatively small in comparison with TM3+O6 and TM4+06 units due to low

reduction activity of Ni*" and Mn”" during discharge.

According to structural investigation of P3-type NaysMg;sMn;;30,, NaOg units
transform from prismatic structure into octahedral structure during charge and transform

[118]

back to prismatic structure during discharge' ™. Fig. 4.8 schematically illustrates the

crystal structure changes of the normal P3-type Naj¢7Mng¢7Nig 330, during charge to

4.5 V and discharge to 1.5 V, respectively.
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Fig. 4.8 Schematic structure images of the normal P3-type Na, ¢, Mn ;Nij3;0, at different
charge and discharge states

In the normal P3-type material, Na atoms occupy at the center of prismatic NaOg units
and TM atoms occupy at the center of octahedral 7MOg units. After charge to 4.2 V, the
P3 phase starts to transform into the O3 phase. At charge voltage of 4.5 V, the main
phase is O3 phase. The occupancy of Na sites is octahedral structure accompanying by
the structural change between TMO, layers. The compression of O3 phase compared

with P3 phase is a result of the shrinkage of TMO, layers within the a-b plane. After
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discharge, the occupancy of Na sites transforms back to prismatic sites. The number of
Na atoms in the P3’ phase after discharge to 1.5 V is larger than that of the P3 phase in
the pristine state. According to the operando XRD results of the normal P3-type
Nag 67Mng 67Ni0330,, see Fig. 4.7, the intensity of the (101)/(012) reflections sharply
increases and the (104) reflection disappears at the charge voltage of 4.2 V indicating
the P3 phase has mainly converted to the O3 phase. The transition from the P2 phase to
the O2 phase also occurs during charge of P2-type Na,;3Mny;sNij30; to 4.2 V
accompanied by the disappearance of the (104) reflection!'** !, At 4.4 V, about 87%

(1181 " Avoiding the

of the P3 phase in NaysMg;;3Mn,;30; transformed into the O3 phase
phase transition between prismatic and octahedral phases during charge is expected to
be an effective way for better cycling performance, which also explains the reason for
larger capacity retention of the normal P3-type Nay ¢;Mny ¢7Nig 330, in the voltage range
2.0 - 4.1 V in comparison with the voltage range 1.5 - 4.5 V. Because of the extraction

of Na ions, the omission of electrostatic attraction between Na and O ions is supposed to

result in larger distance between TMO, layers.

Although the initial charge and discharge curves of the normal and the core-shell
designed P3-type material demonstrates similar plateaus in the voltage range 1.5 - 4.5V,
see Fig. 4.4. The operando XRD patterns during the first cycle of these two materials
are different from each other. Some people reported the plateaus during the cycling are
results of second phase transition and the changes between two plateaus is a result of

(18] The phase transitions between the P3 and the O3 phases are regarded

solid solution
as changes in structure of NaOg units. In combination of the electrochemical and
operando XRD results in Fig. 4.7, part of the P3 phase in the core-shell designed
material is assumed to transform into the O3 phase during charge to 3.6 V. This phase
transition voltage is lower than that of the normal P3-type material. In addition, the O3
phase transforms back to the P3 phase at charge voltage 3.7 V which is not observed

during charge of the normal P3-type material.

According to the investigation of dimensional changes in 7MOg units of the normal P3-
type Nag ¢7Mng ¢7N1¢ 330, the changes in structure of NaOg units at different voltage are
affected by the dimensional changes of MnOg or NiOg units located above or below this
NaOg unit, respectively. That means, the changes in concentration of Mn and Ni have
impact on different dimensional and structural changes in NaOg units during cycling of

the core-shell designed P3-type material.
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In consideration of the gradient in concentration of Mn in the core-shell designed P3-
type material, the changes in intensity and width of reflections in XRD patterns of the
core-shell designed P3-type material is expected to reflect the diffusion of Na between
the core, the interlayer, the shell and the electrolyte, which is schematically illustrated in
Fig. 4.9. The light green, light red and dark red hexagons represent the Ni rich core, the
interlayer and the Mn rich shell of the core-shell designed P3-type Nag 7Mng 67Nig.3302,
respectively. The ratio of Mn and Ni in the interlayer is between that in the core and that
in the shell. The light blue part stands for the electrolyte. The red dotted boxes mark the

electrochemical active layers at relevant voltages in which the diffusion of Na leads to

phase transition in this layer.
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Fig. 4.9 Schematic diagram of Na diffusion in the gradient core-shell designed P3-type
Nay.¢;Mng¢7Niy.330, during the first cycle at 0.1 C

The migration of Na in the core-shell designed material during charge is assumed to be
generalized into 5 steps. Na atoms are extracted from the surface of the core-shell
designed P3-type particles to the electrolyte which produces Na vacancies on the
surface below the charge voltage of 2.0 V. In the voltage range of 2.0 - 3.0 V, Na atoms
in the interlayer diffuse into the Mn rich shell. The increasing number of the Na

vacancies in the Mn rich interlayer does not change the structure of intermediate layer.
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In the voltage range of 3.0 - 3.6 V, the number of Na vacancies in the interlayer
increases. Some prismatic NaOg unit transform into octahedral units. At the charge
voltage of 3.6 V, Na ions diffusing from the Ni rich core into the intermediate layer
partially occupy at Na vacancies in the interlayer, which leads to octahedral NaOg units
transform to prismatic units. In the charge voltage range of 4.2 - 4.5 V, the migration of

Na ions between the core, interlayer, shell and the electrolyte keeps dynamic balance.

During discharge, the insertion of Na ions from the electrolyte and diffusion between
the outer to the inner layers is assumed to be summarized into four steps with the
intensity and width variation of the (101)/(012) and (104) reflections. Before
discharging to 3.6 V, Na ions insert into the surface of the core-shell designed material.
In the discharge voltage range of 3.6 - 2.1 V, the amount of Na ions inserted from
electrolyte keeps almost the same as that of Na ions diffused between the Mn rich shell
and intermediate layers. With further discharge, Na ions migrate into the Ni rich core at
the discharge voltage of 2.1 V. The migration of Na ions between the Mn rich shell, the
interlayer and the Ni rich core remains relative constantly which makes the occupancy
of Na sites transfer into prismatic structure. The amount of re-inserted Na ions becomes
larger than that in the pristine core-shell designed material when the discharge voltage

reducesto 1.7 V.

The phase transition of the normal and the core-shell designed P3-type materials is not
only ascribed to the glide of TMO, layers but also to the dimensional changes in 7MO,
layers. When the expansion or shrinkage of two TMOg units within the a-b plane,
located above and below one NaQOg unit, are identical to each other, the structure of
NaOg in the P3 phase remains as prismatic but the dimension of these NaOg units would
be affected, observed as elongation or compression along the c¢ axis. When the
dimensional changes of these two TMOg units within the a-b plane are different from
each other, the prismatic NaOg units reveal distortion firstly and then transfer into
octahedral structure or the octahedral NaO¢ reveal distortion and then transfer into
prismatic structure. The reason for better cycling performance of the core-shell designed
P3-type Nag ¢7Mny 67Nig 330, will be further discussed by investigating the changes in
TMOg units in the core-shell designed P3-type Nag 7Mnyg ¢7Ni9 330, in the next chapter.

4.4 Conclusions

In this chapter, we discuss the effect of core-shell design in P3-type Nag ¢;Mng 67Ni 330,.

The core-shell designed P3-type Nag¢7Mng ¢7Nig 330, consists of Ni rich core and Mn
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rich shell. In order to reduce the energy consumption, the preparation temperature was
further decreased to 700 °C. Although the crystal structure of the gradient core-shell
designed P3-type material is also indexed using R3m space group. The XRD pattern of
the core-shell designed P3-type material is similar to that of the normal P3-type material.
The morphology and the electrochemical performance of the normal and the core-shell

designed P3-type material are different from each other.

The core-shell designed P3-type Naj¢7Mng ¢7Nig 330, has larger initial capacities in the
voltage range 1.5 - 4.5 V and better cycling performance in the voltage range 2.0 - 4.1 V
in comparison with the normal P3-type Nay¢7Mng ¢7Ni330,. The capability of the core-
shell designed P3-type Nay¢7Mng¢7Nip330, is better than that of the normal P3-type
material, especially at 20 C (1 C = 100 mA-g™") in the voltage ranges 1.5 - 4.5 V and 2.0
- 4.1 V. Meanwhile, the core-shell designed P3-type Nay ¢7Mng 67Nig 330, shows longer
cycling life and better capacity retention at different charge rates (0.1 C and 20 C).

Although the charge and discharge curves of the core-shell designed P3-type
Nay 7Mng 67Nig 330, are similar to those of the normal P3-type Najs7Mng ¢7Nig330,, the
phase evolution of the core-shell designed P3-type material is different from that of the
normal P3-type material which confirms the existence of core-shell structure. During
the cycling of the normal P3-type Nage7Mng¢7Nig330,, we observe P3-O3 phase
transition during charge and O3-P3’ phase transition during discharge. During the
cycling of the core-shell designed P3-type material, the occupancy of Na sites transfers
from prismatic structure to octahedral structure in the charge voltage range 3.2 - 3.6 V
and octahedral NaOg units transfer back to prismatic units at charge voltage of 3.7 V.
The different phase transitions of the normal and the core-shell designed P3-type
materials are ascribed to different diffusivity of Na in the Ni rich core, interlayer and the

Mn rich shell.
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5 Fast charge and discharge in P3-
type Nag 6;Mng 67N19.330,

5.1 Motivation

The feasibility of the core-shell design in Na,7MO,; for sodium ion batteries has been
confirmed in the last chapter. However, the reasons for better cycling performance after

core-shell design in Nay,7MO, materials should be further investigated.

In addition, the requirement of energy storage systems suitable for the fast cycling is
flourishing with the industrialization of electric and hybrid electric vehicles. For
instance, the mobile charge stations should provide fast charge service as quickly as
possible to reduce the waiting time. On the other hand, the batteries of vehicles should
be suitable for fast charge and keep working after fast charge. In the recent past,
extensive investigations of anodes for sodium ion batteries during fast charge and
discharge have been performed, while promising cathode material during fast cycling is

seldom reported[@’ 142-144]

Considering the influence of the dimensional changes in 7MO, layers on cycling
performance of Na,7MO,, the goal of the present chapter is to figure out the reason for
better cycling performance in core-shell design Na,7MO, materials from the sight of
local structure changes around 7M atoms. We intentionally prepared the core-shell
designed P3-type Najs7Mny ¢7Nip 330, in two steps, which are illustrated in section 2.1.3.
Beside, we investigate the cycling performance of this material as cathode for sodium

ion batteries during fast charge and discharge. XANES spectra at Mn and Ni K-edge are
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measured to compare the redox mechanism of Mn and Ni ions during the fast and slow
charge and discharge. The reason for better cycling performance of P3-type
Nay 7Mny 67Nig 330, with core-shell structure is quantitatively investigated by EXAFS
spectroscopy from the sight of the dimensional changes of TMO, layers.

5.2 Results

5.2.1 Characteristics

Fig. 5.1 illustrates the difference between the core-shell designed and the normal P3-

type Nag ¢7Mng 67Nig 330, by XRD and powder images.
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Fig. 5.1 X-ray diffraction patterns and powder images of the normal and the core-shell
designed P3-type Nag ¢ Mny¢,Nip 330, (a) and Rietveld refinement result of the core-shell
deSigned P3-type Nao.67Mn0'67Ni0'3302

The core-shell designed and the normal P3-type Naj7Mng67Nig 330, materials were
synthesized at the same temperature (700 °C) for 24 hours. As shown in Fig. 5.1(a), the
color of the core-shell designed P3-type Nay ¢7Mng ¢7N19330, powders is darker than that
of the normal P3-type powders. The XRD pattern of the core-shell designed P3-type
Nay 67Mng 67Ni 330, is similar to that of the normal P3-type material. The similar peak
positions in XRD patterns indicate the similar crystal structure between the core-shell
designed and the normal P3-type materials. The reflection peaks in XRD pattern of the
normal P3-type material are relatively sharp and narrow while those of the core-shell
designed P3-type material are broad. As shown in Fig. 5.1(b), the crystal structure of the
core-shell designed material is consistent with that of P3-type Nay¢;7MO,, which is
indexed by the hexagonal crystal structure using the R3m space group!'>). The lattice
parameters of the core-shell designed P3-type material determined by Rietveld

refinement are « = 2.880 A and ¢ = 16.836 A.
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Fig. 5.2 illustrates the morphology of the normal and the core-shell designed P3-type
Nay.67Mny ¢7Nig 330, recorded by SEM. The morphology of the core-shell designed P3-
type Nag 67Mny 7Nip 330, is heterogeneous while that of the normal P3-type material is
homogeneous. We observe the aggregation of particles, on the scale of tens of
nanometers, on the surface of the core-shell designed material. The particle size of the
normal P3-type material is several hundred nanometers. The molar ratio between Mn
and Ni in the normal P3-type material is 2.28 and that in the core-shell designed P3-type
material is 2.12. These two values are close to the stoichiometric ratio between Mn and
Ni in the normal and the core-shell designed P3-type Naj¢7Mng67Nio330,. Here, these

two materials are regarded as P3-type Naj ¢7Mng 67N 330,
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Fig. 5.2 Scanning electron microscopy images of the core-shell designed (a) and the normal
(b) P3-type Nay ¢ Mny¢,Nip 330, and results of energy dispersive X-ray spectroscopy

measurements on these two materials (c)

In order to cut particles of the core-shell designed and the normal P3-type materials, we
used focused ion beam (FIB) technique. Fig. 5.3 illustrates the cross section of the core-

shell designed and the normal P3-type Nags7;Mng67Nig330, recorded by SEM. We
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observe pores within two different P3-type particles. The cross section of this P3-type
material without core-shell structure is different from that of the normal P3-type
material introduced in chapter 4, see Fig. 4.2(d) and Fig. 5.3(b). This is ascribed to
different raw materials. We synthesized the normal P3-type material by different salts of
transition metals, see section 2.1.2. As shown in Fig. 5.3, the inner part of the core-shell
designed material is less consolidated than that of the normal P3-type material. The
smaller particles existing on the surface of the core-shell designed material are observed

within of the core-shell designed particle.
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Fig. 5.3 Cross section of the gradient core-shell designed (a) and the normal (b) P3-type
Nay ;Mny 67Nig.330;

In the last chapter, the concentration gradient of Ni in the core-shell designed P3-type
Nay.7Mng 67Nig 330, cannot be confirmed by EDX on the cross section of aggregated
particles, though the electrochemical performance is improved and the structure
evolution is changed after the core-shell design. Hence, we performed TEM and EDX
together to explore the existence of Ni rich particles in the core-shell designed P3-type

material

Fig. 5.4 illustrates TEM images of the gradient core-shell designed and the normal P3-
type particles. The range of the molar ratio between Mn and Ni is from 1.37 to 1.79 in
the normal P3-type material, illustrated in Fig. 5.4(a), which is smaller than the result in
Fig. 5.2(c). However, we can qualitatively compare the difference in concentration of
Mn and Ni between the normal and the core-shell designed materials. In Fig. 5.4(a), the
molar ratio between Mn and Ni in the center of particles, marked as point 1, 2 and 3, is
slightly larger than that in the normal P3-type particles illustrated in Fig. 5.4(b). This
indicates the concentration of some particles in P3-type material is larger in the core-

shell designed material. The largest molar ratio between Mn and Ni is observed on the
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edge of nanoscale particles, marked as point 4, 5 and 6. We observe larger concentration
of Ni at point 7 and 8, which confirms the existence of Ni rich part in the core-shell

designed material.

Fig. 5.4 Transmission electron microscopy images with energy dispersive X-ray
spectroscopy results at different points of the core-shell designed (a) and the normal (b)
P3-type Nay ;Mny.67Nip330;

5.2.2 Electrochemistry

In order to investigate the feasibility of the gradient core-shell designed material as
cathodes for fast cycled sodium ion batteries, the electrochemical tests of this material
were performed at different charge and discharge rates in the voltage range 2.0 - 4.1 V.
We name charge and discharge process at different rates as nC and mD, respectively.
“nC” represents charge to 4.1 Vatn Crate (n=1 or 20, 1 C =100 mA-g'l) and “mD”

represents discharge to 2.0 V at m C rate (m = 1 or 20), respectively.

Fig. 5.5 illustrates the charge and discharge curves of the core-shell designed P3-type
Nay.67Mnyg ¢7Nio 330, in the voltage ranges 2.0 - 4.1 V at different rates in the 1% cycles
and in the 4™ cycle after cycling at 0.1 C for three cycles. As shown in Fig. 5.5(a), the
initial charge capacities after 1C and 20C are 71 and 67 mAh-g”, respectively. The
capacity of the core-shell designed material during slow charge is 6% larger than that of
fast charged material in the first cycle. After slow charge (1C), the initial discharge
capacities are 83 mAh-g’ after slow discharge (1C1D) and 71 mAh-g’ after fast
discharge (1C20D). The capacity gap between 1C1D and 1C20D is 12 mAh-g™. After
fast charge (20C), the initial discharge capacities are 79 mAh-g™ after slow discharge
(20C1D) and 64 mAh-g" after fast discharge (20C20D). The capacity gap between
20CID and 20C20D is 15 mAh-g”'. That means, the core-shell designed P3-type
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material lost 23% discharge capacity after the fast cycling (20C20D) in comparison with
the slow cycling (1C1D) in the first cycle.

After three cycles at 0.1 C rate, the core-shell designed P3-type Nags7Mng ¢7Nig 3302
delivers charge capacities as 90 and 84 mAh-g” after 1C and 20C in the 4™ cycle,
respectively, shown in Fig. 5.5(b). The capacity of the core-shell designed material
during slow charge is 7% larger than that of fast charge in the 4t cycle. The discharge
capacity of the core-shell designed P3-type Nags7Mng¢7Nig330; is 86 mAh-g'1 after
1CID and decreases to 65 mAh-g" after 20C20D in the 4™ cycle. This means, the core-
shell designed material loses 25% discharge capacity during the fast cycling compared
to that after the slow cycling.
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Fig. 5.5 Charge and discharge curves of the core-shell designed P3-type
Nay 67Mny¢7Nip 330, in the voltage range 2.0 - 4.1 V at different charge and discharge rates
in the 1* cycles (a) and in the 4™ cycles after cycling at 0.1 C for three cycles (b)

Fig. 5.6 illustrates the cycling performance of the core-shell designed P3-type material
in the voltage range 2.0 - 4.1 V at charge rate of 1 C and discharge rates of 1 C and 20 C
in comparison with the normal P3-type material. The capacities of the normal and the
core-shell designed material both gradually decay during cycling with 1C1D. However,
we observe increase in capacities of the normal and the core-shell designed P3-type
materials in the first tens of cycles and then the capacities gradually decay during
cycling with 1C20D. The capacities of the normal P3-type material during the first 50
cycles at 1C1D and 1C20D are higher than those of the core-shell designed material
cycled under the same conditions. However, the capacity retentions of the core-shell
designed material after IC1D and 1C20D are both larger than those of the normal P3-
type material cycled under the same conditions. The capacity retention of the core-shell

designed P3-type Nag7Mng ¢7Nig 330, is 90% after 350 cycles at 1C1D and 94% after
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Fig. 5.6 Cycling performance of the core-shell designed P3-type Nay c;Mny¢7Niy.330; in the

voltage range 2.0 - 4.1 V after charge at 1 C and discharge at 1C from the 4™ to the 350"

cycles (a) and after charge at 1 C and discharge at 20 C from the 4™ to the 900" cycle (b)
in comparison with the normal P3-type Nag ¢ Mny ¢,Nig 330,

Fig. 5.7 illustrates the cycling performance of the gradient core-shell designed P3-type
material in the voltage range 2.0 - 4.1 V at charge rate of 20 C and discharge rates of 1

C and 20 C in comparison with the normal P3-type material.

100

100

F 20c1D 20-41V @ 20C20D )
o0 [ I, = 2000 mA.g" 2-41V
: l,= 100 mAg’ i l, =1, =2000 mAg"
- 80F o
=] [ i
= r <
£ ol E -
> f =z
’§ 60 [ 2 Core shell-charge
g § 40T Core shell-discharge
O gk Core shell-charge Normal - charge
r Core shell-discharge Normal - discharge
s Normal - charge 20 -
40 - Normal - discharge
30 L L : - L [1 ] T IR SIS PRI BNV IR I I PRI I
0 100 200 300 400 0 200 400 600 800 1000 1200 1400 1600

Cycle number Cycle number

Fig. 5.7 Cycling performance of the core-shell designed P3-type Nag ¢ Mny¢;Nij330; in the

voltage range 2.0 - 4.1 V after charge at 20 C and discharge at 1C from the 4™ to the 450™

cycle (a) and after charge at 20 C and discharge at 20 C from the 4™ to the 1500™ cycle (b)
in comparison with the normal P3-type Nag ¢;Mny ¢,Niy 330,

The cycling life of P3-type Nag¢7Mny 7Nig 330, is obviously prolonged in the core-shell
designed material during fast charge. We observe severe decrease and obvious increase
in capacities during first tens of cycles of the core-shell designed material after 20C1D.

Similar changes in capacities of the normal P3-type material are also observed during
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20C1D. Then, the capacities of the normal P3-type material gradually decay and
suddenly drop down after 340 cycles. The capacity of the core-shell designed P3-type
material is 71 mAh-g™ after 450 cycles and the discharge capacity retention of the core-
shell designed material after 20C1D for 450 cycles is 88% in comparison with the 4t
cycle of the core-shell designed material after 20C1D.

During cycling of the core-shell designed P3-type material with 20C20D, the capacity
drastically decreases to 52 mAh-g” in the first 20 cycles, then gradually increases to 68
mAh-g" approaching the 600™ cycle and slightly decreases to 56 mAh-g” approaching
the 1500™ cycles. The discharge capacity retention of the core-shell designed material is
89% after 1500 cycles in comparison with the discharge capacity in the 4'h cycle. The
capacity fading in the normal P3-type material is severe during fast charge and

discharge and we cannot observe increase of capacity during the fast cycling.

5.2.3 XANES

Fig. 5.8 illustrates the normalized XANES spectra of the gradient core-shell designed
P3-type Nay ¢;Mny 67Nij 330, at Mn and Ni K-edge after 1C, 1C1D and 1C20D process.
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Fig. 5.8 Normalized X-ray absorption near edge structure spectra of the core-shell
designed P3-type Nag s Mny;Niy 330, after the first cycle at 1 C charge rate (1 C =100
mAh-g") at Mn (a) and Ni (b) K-edge
The obvious pre-edge of spectra at Mn K-edge, illustrated in Fig. 5.8(a), is related to the
photoelectron transition from 1s to 3d orbital. The pre-edge is not obvious at the Ni K-
edge of the core-shell designed P3-type Nags7;Mng67Nip330, at different charge and
discharge states. The main peaks of the Mn and Ni K-edge correspond to the
photoelectron transition from 1s to unoccupied 4p orbital. The energy position of the

main peaks provides information about the average valence state of Mn and Ni in the
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core-shell designed P3-type material at different states. After slow charge (1C), the
main peaks of the Mn and Ni K-edge both shift to higher energy in comparison between
the pristine material and the material after 1C. After slow discharge (1C1D), the energy
position of Mn K-edge slightly shifts to low energy, while the shift of Ni K-edge from
high energy to low energy is more visible. After fast discharge (1C20D), the energy
position of the main peak at Mn K-edge at state of 1C20D is located at smaller energy
position than that of the pristine state as well as that of the 1C1D state. The main peak at
Ni K-edge of the 1C20D state is also located at lower energy in comparison with that of
the pristine states and that of 1C1D state.

With regard to fast charge, the normalized XANES spectra of the gradient core-shell
designed P3-type Nag;Mnge7Nip330, at Mn and Ni K-edge after 20C, 20C1D and
20C20D are illustrated in Fig. 5.9, respectively. During fast charge (20C), the energy of
the main peak of the core-shell designed P3-type Najs7Mng ¢7Nig 330, at the Mn and Ni
K-edge shifts to higher energy, in comparison with the pristine state and the state of 20C.
However, the energy position of Ni K-edge after 20C is smaller than that of Ni K-edge
after 1C. After 20C1D and 20C20D, the energy of the main peaks at Mn K-edge shifts
to the lower energy in comparison with that of the state after 20 C. The main peak at Mn
K-edge is located at lower energy after 20C1D compared with that of the state of
20C20D. The main peak of the core-shell designed P3-type Nayc7Mng 7Nip 330, at Ni
K-edge after 20C1D is located at energy position similar to that of the pristine state,
while the energy position of the main peak at Ni K-edge after 20C20D is slightly lower
than that of the pristine state. The lower energy position of Mn and Ni K-edge indicates

lower average valence state of Mn and Ni in the core-shell designed P3-type material.
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Fig. 5.9 Normalized X-ray absorption near edge structure spectra of the core-shell
designed P3-type Nag s Mny¢,Niy 330, after the first cycle at 20 C charge rate (1 C =100
mAh-g™) at Mn (a) and Ni (b) K-edge
70



5.2.4 EXAFS

Fig. 5.10 illustrates the k’-weighted EXAFS data of the pristine gradient core-shell
designed P3-type Nag¢7Mng¢7Nig 330, after Fourier transformation (FT) at the Mn K-
edge with fitting curve in fitting range 1 - 4.9 A.
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Fig. 5.10 Extended X-ray absorption fine structure spectra after Fourier transformation
along with the fitting profiles of the core-shell designed P3-type Na,s;Mng 7Nig 330, at Mn
K-edge in the pristine
The amplitude reduction factor (So?) is determined as 0.86 + 0.11 with R factor as
0.0049 by fitting of EXAFS data at Mn K-edge in the pristine core-shell designed P3-
type Nagg7Mng7Nig330;. The maximum in the range 1.0 - 2.0 A is the result of
photoelectron scattering from the absorbing Mn atom to the six nearest coordinated O
atoms. The maximum in the range 2.0 - 3.0 A comes from the scattering of
photoelectrons between the absorbing Mn atom by the nearest occupied six 7M and four
Na atoms. Then, the amplitude reduction factor of EXAFS data at the Mn K-edge of the
core-shell designed P3-type material in the pristine state are kept constant and utilized
to assess the local structural changes around Mn during different charge and discharge.
The calculated value of R factor at different charge and discharge states are smaller than
0.01 indicating the scattering model is physically reasonable to provide local
coordination information around Mn in the gradient core-shell designed P3-type

- [112, 129]
Nag.s7Mng 67Ni9 3302 .

Fig. 5.11 illustrate the k’-weighted EXAFS data of the core-shell designed P3-type
Nay 7Mny 67Nig 330, at states of 1C, 1C1D and 1C20D after FT at the Mn K-edge with
fitting curves in the fitting range 1 - 4.9 A. The ratio between the first and second

maxima is similar at different charge and discharge states.
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Fig. 5.11 Extended X-ray absorption fine structure spectra after Fourier transformation
along with the fitting profiles of the core-shell designed P3-type Nay¢;Mny4;Niy3;0; at Mn
K-edge at voltage state of 4.1 V after 1C (a), 2.0 V after 1C1D (b) and 2.0 V after 1C20D (c¢)

Fig. 5.12 shows the k’-weighted EXAFS data of the gradient core-shell designed P3-
type Nag ¢7Mny 7Nig 330, at states of 20C, 20C1D and 20C20D after FT at the Mn K-
edge with fitting curves in the fitting range 1 - 4.9 A.

The maxima in the range 1 - 2 A in Fig. 5.11 and Fig. 5.12 are also affected by
photoelectron scattering between the absorbing Mn and six O atoms in the first
coordination shell. The maxima in the range 2 - 3 A in Fig. 5.11 and Fig. 5.12 are the
result of photoelectron scattering between Mn and atoms in the second coordination
shell, which consist of four Na atoms and six 7M atoms. The changes in amplitude and
position of maxima in Fig. 5.11 and Fig. 5.12 are not obvious at different charge and
discharge states. The ratio between the first and the second maxima are smaller than 1 in

the pristine state and at different charge and discharge states in Fig. 5.10 - Fig. 5.12.
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Fig. 5.12 Extended X-ray absorption fine structure spectra after Fourier transformation
along with fitting profiles of the core-shell designed P3-type Nagc;Mny ¢;Nip 330, at Mn K-
edge at voltage state of 4.1 V after 20C (a), 2.0 V after 20C1D (b) and 2.0 V after 20C20D

(©)
Fig. 5.13 illustrate the k’-weighted EXAFS data of the pristine gradient core-shell
designed P3-type Nag¢7Mnye7Nig330; after FT at the Ni K-edge with fitting curve in
fitting range 1 - 4.9 A. The amplitude reduction factor of Ni in the pristine core-shell
designed P3-type Nag¢7Mny ¢7Nip 330, is determined as So> = 0.99 + 0.08 with R factor
R = 0.0018. The maximum in the range 1.0 - 2.0 A is affected by photoelectron
scattering from the absorbing Ni atom to the six nearest coordinated O atoms. The
maximum in the range 2.0 - 3.0 A is a result of the scattering of photoelectrons between
the absorbing Ni atom by the nearest occupied six 7M and four Na atoms. Then, the
amplitude reduction factor of Ni is kept constant for all states of the core-shell designed
P3-type Nag 67Mng 67Ni9330,. The scattering model which is used to fit the EXAFS data
after FT of the Ni K-edge is utilized to determine the local structural changes around Ni
at different charge and discharge states. The calculated value of the R factor at the Ni K-
edge of the core-shell designed P3-type Nag7Mng¢7Nip330; at different charge and

discharge states are smaller than 0.01. The results thus provide physical reliable local
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structure information around Ni in the gradient core-shell designed P3-type

- [112, 129]
Nayg 67Mng 67N19 330, .

20
Ni-TM, Ni-Na

Ni-O
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Ni K-edge Fitting

sLo. ..

e R L e e A e e S L

Fig. 5.13 Extended X-ray absorption fine structure spectra after Fourier transformation
along with the fitting profiles of the core-shell designed P3-type Na,s;Mng ;Nig 330, at Ni
K-edge in the pristine
Fig. 5.14 illustrate the k>-weighted EXAFS data of the gradient core-shell designed P3-
type Nags7Mny ¢7Nig330; at the states of 1C, 1C1D, 1C20D, 20C, 20C1D and 20C20D
after FT at the Ni K-edge with fitting curves in the fitting range 1 - 4.9 A, respectively.
The maxima in the range 1 - 2 A in Fig. 5.14 are related to the photoelectron scattering
between Ni and six O atoms in the nearest coordination shell. The maxima in the range
2 - 3 A are affected by the scattering of photoelectrons from the absorbing Ni to the

nearest coordinated six 7M and four O atoms.

During charge, no matter whether slow charged (1C) or fast charged (20C), the
amplitude of the maxima in the range 1 - 2 A decreases at Ni K-edge after FT. During
discharge, both after 20D and 1D, the amplitude of the maxima in the range 1 - 2 A at
Ni K-edge after FT slightly increases. The changes in amplitude of maxima in the range
2 - 3 A at the Ni K-edge after FT are not obvious after 1C, 20C, 1C1D, 1C20D and
20C20D in comparison with the maximum in the same range of the pristine state. We
observe increase in amplitude of the maximum in the range 2 - 3 A at the Ni K-edge and

mismatch in the range 1.0 - 1.1 A between the data and the fit after 20C1D.
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Fig. 5.14 Extended X-ray absorption fine structure spectra after Fourier transformation

along with the fitting profiles of the core-shell designed P3-type Na,c;Mng ;Nij330, at Ni

K-edge at voltage state of 4.1 V after 1C (a), 4.1 V after 20C (b), 2.0 V after 1C1D (c), 2.0
V after 20C1D (d), 2.0 V after 1C20D and 2.0 V after 20C20D

The structural changes of MnOg and NiOg units during different charge and discharge
according to the fitting results of EXAFS data at Mn and Ni K-edge are schematically
illustrated in Fig. 5.15. In the pristine state of the core-shell designed P3-type
Nay 7Mng 67Nig 330,, the length of Ni-O bonds is 2.067 £ 0.005 A which is longer than
that of Mn-O bonds (1.900 + 0.007 A). The distance between Ni and TM is 2.906 +

0.007 A which is longer than that between Mn and TM (2.866 = 0.009 A). In
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combination of crystal structure of the P3 phase and the local structure around 7M, the

angles between Mn-O and Ni-O bonds are calculated as 97.6° and 89.8°, respectively.

Fig. 5.15 Schematic depiction of the structural variation of 7M Qg units in the core-shell
designed P3-type Nag ¢;Mny;Niy 330, after different charge to 4.1 V and discharge to 2.0 V
First, we compare the local structure around Mn and Ni in the core-shell designed P3-
type Nag¢7Mng ¢7Nig 330, after slow charge. In comparison with the pristine state, the
length of Ni-O and the distance between Ni and 7M after 1C increase to 2.064 + 0.006
and 2.913 + 0.005 A, respectively. The angle between Ni-O bonds increases to 89.8°,
respectively. With regards to MnOg units, the length of Mn-O and the distance between
Mn and TM after 1C decrease to 1.897 + 0.006 and 2.854 + 0.008 A, respectively. The

angle between Mn-O decreases to 97.6°.

At the state of 1C1D, the length of Ni-O bonds and the distance between Ni and 7M are
determined as 2.070 + 0.006 and 2.915 + 0.005 A, respectively. The angle between Ni-
O bonds is calculated as 89.5°. The length of Mn-O bonds and the distance between Mn
and TM are 1.900 + 0.006 and 2.862 + 0.008 A, respectively. The angle between Mn-O
bonds is calculated as 97.7° at the state of 1C1D.
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The average dimension and shape of MnQOg units at the state of 1C20D is the same with
those of MnOg units at the state of 1C1D, though the uncertainty in length of Mn-O
bonds and distance between Mn and TM is slightly different from each other. The
average length of Ni-O bonds at the state of 1C20D is the same with that of at the state
of 1C1D, while the average distance between Ni and 7M and the average angle between

Ni-O bonds are slightly different from those of the state of 1C1D.

Then, we compare the local structural changes around Mn and Ni in the core-shell
designed P3-type Nag7Mng7Nig330, after fast charge. In comparison with pristine
state, the length of Ni-O and the distance between Ni and TM after 20C increase to
2.061 + 0.005 and 2.910 + 0.005 A, respectively. The changes in average interatomic
distance are smaller than those after 1C. The calculated angle between Ni-O bonds after
20C is the same with that after 1C and increases to 89.8°. With regard to MnOg units,
the length of Mn-O bonds after 20C is the same with that after 1C and decreases to
1.897 + 0.006 A. During fast charge, the distance between Mn and TM decreases to
2.853 £0.008 A and the calculated angle between Mn-O bonds increases to 89.8°.

After 20C1D, the length of Ni-O bonds and the distance between Ni and 7M are 2.085 +
0.010 and 2.922 + 0.010 A, respectively. The angle between Ni-O bonds is calculated as
89.0°. The length of Mn-O bonds and the distance between Mn and 7M after 20C1D are
1.901 + 0.006 and 2.863 + 0.007 A, respectively. The angle between Mn-O bonds is
calculated as97.7° after 20C1D.

The average dimension of NiOg units after 20C20D is smaller than that of 20C1D
within the a-b plane, which is observed as shorter length of Ni-O bonds (2.915 + 0.005
A) and smaller distance between Ni and TM (2.069 + 0.005 A). The decrease in average
angle between Mn-O is smaller at the state of 20C20D in comparison with the state of
20C1D. The length of Mn-O bonds and the distance between Mn and 7M at the state of
20C20D are 1.899 + 0.005 and 2.863 + 0.007 A, respectively.

5.3 Discussion

The core-shell design in P3-type Nay ¢7Mng 7Nig 330, improves the cycling performance
not only during slow charge and discharge but also for fast charge and discharge, and
especially prolongs the cycling life of this material during fast charge. Although the
electrochemical performance of P3-type Nay¢7Mng ¢7Nig 330, is obviously improved by

the core-shell design, it is difficult to confirm the existence of the core-shell structure
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within P3-type Nag¢7Mng7Nip330,2. The invisible concentration gradient of Ni is
ascribed to the faster diffusion of Ni at 700 °C in comparison with Mn which is reported

(1041 There are two other

in the core-shell designed cathode for lithium ion batteries
reasons for unobvious core-shell structure in the core-shell designed P3-type
Nay 67Mng 67Ni0330,. One is ascribed to the existence of pores within the core-shell
designed P3-type particle which affects the accuracy of concentration between Mn and
Ni by EDX measurements. The other one is the different molar ratio between Mn and
Ni exist in nanoscale particles, observed in Fig. 5.4. When these particles with different
molar ratio between Mn and Ni aggregate together, the molar ratio between Mn and Ni

in the aggregated particles is supposed to be average value of those of each nanoscale

particle, which is hardly observed using EDX.

In addition, the capacity gap of the core-shell designed P3-type Nags7Mng¢7Nig 3302
between different cycling rates, which is observed as smaller capacity during the fast
cycling, still limits the practical utilization of the core-shell designed P3-type
Nay.67Mny ¢7Ni 330, for fast cycling. The different capacities of the core-shell designed
P3-type Nag7Mng¢7Nig330; during the fast and slow cycling is related to different
redox activity of Mn and Ni, which is compared by energy position of Mn and Ni K-
edge in Fig. 5.8 and Fig. 5.9, respectively.

During slow charge (1C), the energy of Mn and Ni K-edge shifts to higher energy
position which indicates the capacity during slow charge of the core-shell designed P3-
type material is contributed by oxidation of Mn and Ni. The lower average valence state
of Mn and Ni is observed after 1C20D rather than after 1C1D, reflected as lower energy
position of Mn and Ni K-edge. This is inconsistent with electrochemistry result during
the first cycle of 1C20D and 1C1D. The lower average valence state of Mn and Ni after
1C20D indicates larger reduction activity of Ni and Mn which is supposed to provide
larger discharge capacity of the core-shell designed P3-type material during fast

discharge.

During fast charge (20C), Mn and Ni are also oxidized to higher valence state observed
as energy shift towards to higher energy of Mn and Ni K-edge, respectively. In
comparison with the energy position of the main peaks at Mn K-edge, the energy
positions of the Mn K-edge are similar after 1C and 20C. This indicates the oxidation of
Mn is similar after fast and slow charge. However, the energy of the main peak at the Ni

K-edge is smaller after 20C than that after 1C. This indicates the lower charge capacity
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of the core-shell designed P3-type material after fast charge is supposed to be a result of
lower oxidation activity of Ni. The reduction activity of Ni is larger after 20C20D than
that of 20C1D, observed as larger energy shift of the main peak from the high energy to
the low energy at the Ni K-edge. However, the reduction activity of Mn is slightly
smaller after 20C20D than that after 20C1D. Due to the limitation of XANES, it is
difficult to quantitatively compare the charge compensation of Mn and Ni to the

capacity of the core-shell designed P3-type material after 20C1D and 20C20D.

The energy positions of Mn and Ni K-edge after 1C20D, see Fig. 5.8, are both lower
than those of the state of 20C1D (Fig. 5.9). This indicates lower average valence state of
Mn and Ni which is supposed to provide higher discharge capacity after 1C20D rather
than after 20C1D. However, the opposite electrochemical results are illustrated in Fig.
5.5. There are several possible reasons for these inconsistent XANES and
electrochemical results. One is the redox of O compensates charge and contributes to
the capacity. The other one is the diffusion path of Na is different between fast and slow
cycling. During fast discharge, more Na atoms prefer to occupied around Ni*" and Mn®*
and reduce Ni** or Mn®" to Ni*" or Mn®", respectively. During slow charge, Na ions
prefer to coordinate around Ni*" and reduce Ni*" to Ni*" or around Mn*" and reduce
Mn*" to Mn**. This indicates the diffusion of Na between TM°" is easier than that
between TM"*" during the fast discharge and it affects the capacity of the core-shell
designed P3-type Nag¢7Mny 67Nig 330, at different discharge rates. However, we cannot
qualitatively confirm the number of reduced TM*" and TM*" ions during fast and slow
cycling of the core-shell designed P3-type material by XANES. The diffusion path of
Na and the redox activity of oxygen in the core-shell designed P3-type material is

urgently to be figured out in the future.

In the following, the local structural changes around Mn and Ni are quantitatively
compared to elucidate the reason for improvement of core-shell design in P3-type

Nay 7Mny 67Nig 330, during the fast and slow cycling.

Firstly, the preferential occupancy of Na around Ni, which is discussed in the normal
P3-type Nagy¢7Mng67Nip330, in the chapter 3, cannot be observed in the core-shell
designed P3-type material. This indicates the preferential occupancy of Na around Ni in
P3-type material is hindered by the core-shell design. Due to the core-shell design, the
distribution of Mn and Ni is disordered resulting in different charge distribution in

comparison with that of the normal P3-type material. In the core-shell designed P3-type
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material, Na can both occupy around Mn and Ni. That means, the changes in
electrostatic interaction between Ni and 7MOg units accompanying by the extraction
and insertion of Na become smaller. This leads to smaller dimensional changes of NiOg

units caused by the extraction and insertion of Na.

According to the conclusion in the chapter 3, the shrinkage and expansion of TMO,
layers, respectively, during charge and discharge within the a-b plane is responsible for
capacity fading during the cycling. The average distance between Mn and 7M in the
core-shell designed material is slightly smaller, no matter during fast charge or slow
charge, which indicates better structural stability of MnOg units in the core-shell
designed P3-type Nay¢7Mng¢7Nip330,. We observe slightly stretch of average distance
between Ni and TM during fast and slow charge of the core-shell designed material.
This indicates NiOg units are going to slightly expand within the a-b plane. This
indicates smaller dimensional changes of TMO, layers within the a-b plane during
charge of the core-shell designed P3-type material and improve the cycling performance

of it.

During fast and slow charge, the average length of Ni-O and Mn-O bonds slightly
decreases. The oxidation of 7M leads to larger electrostatic attraction between 7TM and
O, which is supposed to stretch the distance between TM and O. If O atoms are oxidized
during charge, the electrostatic attraction between 7M and O becomes smaller resulting
in longer interatomic distance between 7M and O. In consideration of electrostatic
interaction between Na and TMOg units, TMOg units are expected to be compressed
accompanying with extraction of Na and be elongated accompanying by the insertion of
Na. Hence, the slight decline in average length of 7M-O bonds indicates the
electrostatic interaction between 7M and O keeps a balance accompanied by the
extraction of Na and the oxidation of 7M and O. Independently of the discharge rates,
the average length of Mn-O and Ni-O bonds both slightly increases. This reflects the
core-shell design improves the structural stability of P3-type material. The dimensional
changes of Mn-O and Ni-O bonds, caused by the reduction activity of Mn and Ni atoms

and the insertion of Na, are offset by each other.

The dimension of NiOg units at the state of 20C1D is larger than other NiOg units at the
state of 1C1D, 1C20D and 20C20D. The longest Ni-O and Ni-7M bonds after 20C1D is
supposed to be a result of the cation mixing between Ni and Na in the core-shell

designed P3-type Na0.67Mn0,67Ni0.3302[141’ 1451 * A fter 20C1D, some TM occupancy sites
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in TMO, layers are occupied by Na ions, while those Ni atoms occupied at occupancy of
Na sites reveal larger electrostatic attraction prolonging the distance between Ni and O

in NiOg units at the state of 20C1D.

The dimensional changes of NiOg and MnOg units in the core-shell designed P3-type
material, not only interatomic distance but also the bond angle, are much smaller than
that in the normal P3-type material indicating better structural stability, which provide

better cycling performance of P3-type material.

5.4 Conclusions

In this chapter, the core-shell designed P3-type material is utilized as a promising
cathode for ultrafast sodium ion batteries, which is a result of better structural stability
of TMO; layers. The cycling retention of this special P3-type material is 94% after 900
cycles of slow charge and fast discharge and 89% after 1500 cycles of fast charge and
fast discharge. Mn and Ni are both oxidized during fast and slow charge and reduced
during fast and slow discharge. This compensates a part of charge in the core-shell
designed P3-type material. The preferential occupancy of Na around Ni in the normal
P3-type material is hindered. Na atoms in the core-shell designed P3-type materials
occupy around Mn and Ni. The dimensional changes of MnOg and NiOg units in the
core-shell designed P3-type material are much smaller than those in the normal P3-type
material. During fast cycling, the MnOg and NiOg units in the core-shell designed P3-
type material also reveal outstanding structural stability. The stable structure of 7MOg
units is ascribed to the dimensional compensation caused by the extraction and insertion
of Na and the redox of 7M and O and leads to stable structure of 7MO, layers. This is

the reason for better cycling performance of the core-shell designed P3-type material.
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6 Conclusions

We synthesized different P2-type and P3-type Nay ¢;Mng 67Nig 330, materials at different
temperatures, investigated the reason for capacity fading in P3-type materials and
designed a special synthesis method which improves the electrochemical performance

of P3-type material.

e The synthesis temperature of P3-type Najs7Mng ¢7Nig330; is lower than that of P2-
type Nag¢7Mng7Nig330,. This indicates lower energy consumption during the
preparation of P3-type material. P3-type Najs7Mng ¢7Nig 330, delivers higher initial
capacities than P2-type Nag ¢;Mng ¢7Ni9 330, as cathode for sodium ion batteries. The
discharge capacity retention of P3-type material is lower than that of P2-type material.
During cycling of P2-type and P3-type material, Mn and Ni atoms both join the redox
reaction but the redox activity of Ni atoms mainly contributes to the capacities of P3-

type material.

e The local structural changes around Mn and Ni atoms in P3-type Nay ¢7Mny 67Nig 330,
are investigated by EXAFS. During charge, MnOg and NiOg units shrink within the a-
b plane. During discharge, MnOg and NiOg units expand within the a-b plane. Na
atoms prefer to occupy sites around Ni. The previous sites of Na remain as vacancies
around Mn. This is a result of the electrostatic interaction between TM and Na atoms
and the ordered arrangement of 7M ions. The different occupancy of Na around Mn
and Ni leads to different electrostatic interactions between Na and 7MOg units, which
have different effects on structural changes of MnOg and NiOg units during the

cycling. Hence, changing the ordered arrangement of Mn and Ni into the disordered

82



distribution likely decreases the dimensional changes of NiOg units caused by the

extraction and insertion of Na around Ni and improves the cycling performance.

Core-shell design is an effective method to improve the electrochemical performance
of P3-type Nay¢7Mng¢7Ni330,. In the precursor of the core-shell designed P3-type
Nay 67Mny 67N 330,, Ni rich material is designed as the core and the shell is made up
of Mn rich material. The crystal structure of the core-shell designed material is the
same as that of the normal P3-type counterpart. However, the particles on the surface
of the core-shell designed material are smaller than that of the normal P3-type
material. The core-shell designed P3-type material demonstrates higher initial
capacities in the voltage range 1.5 - 4.5 V and better cycling performance in the

voltage range 2.0 - 4.1 V in comparison to normal P3-type material.

Core-shell designed P3-type Nage7Mng¢7Nip330, is a promising cathode for fast
charged and discharged sodium ion batteries in the voltage range 2.0 - 4.1 V. The
reason for better cycling performance of the core-shell designed P3-type material is
ascribed to a better structural stability of the crystal structure and 7MO, layers in the

core-shell designed P3-type Nag ¢7Mny 7Nig 3305.
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7 Outlook

Followings are the recommendations for future work:

e Core-shell designed P3-type Nage7Mnge7Nip330, demonstrates better cycling
performance. However, its capacities are relatively low during fast and slow cycling.
Hence, some other core-shell designed P3-type materials with higher concentrations

of Na should be explored to enlarge the specific capacities of those materials.

e Because Ni atoms are the main part of the redox reaction and contribute to the
capacities of P3-type Nag¢7Mny 67Nig 3305, increasing the concentration of Ni in the
core-shell designed P3-type Nags;MngNi; 4O, is supposed to be an effective method
to increase the specific capacities. However, this will lead to more pronounced
capacity fading in Nags7Mn«Ni;.<O,. Hence, the optimal molar ratio between Mn and

Ni should be investigated.

e Although the core-shell designed P3-type Naj¢7Mng7Nig 330, delivers higher initial
capacities than the normal P3-type material in the voltage range 1.5 - 4.5 V, the
severe capacity decay in the voltage range 1.5 - 4.5 V still hinders it practical
application. Doping or surface modification could be performed to improve the
cycling performance of the core-shell designed P3-type material at larger operate

potential.
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