Louisiana State University

LSU Digital Commons

LSU Master's Theses Graduate School

2017

Novel Design and Synthesis of Nanostructured Electrode
Materials for Advanced Lithium lon Batteries

Zhigiang Xie
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool_theses

6‘ Part of the Mechanical Engineering Commons

Recommended Citation

Xie, Zhigiang, "Novel Design and Synthesis of Nanostructured Electrode Materials for Advanced Lithium
lon Batteries" (2017). LSU Master's Theses. 4503.
https://digitalcommons.Isu.edu/gradschool_theses/4503

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@Isu.edu.


https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/gradschool_theses
https://digitalcommons.lsu.edu/gradschool
https://digitalcommons.lsu.edu/gradschool_theses?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F4503&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F4503&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_theses/4503?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F4503&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

NOVEL DESIGN AND SYNTHESIS OF NANOSTRUCTURED ELECTRODE
MATERIALS FOR ADVANCED LITHIUM ION BATTERIES

A Thesis

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science

in

The Department of Mechanical & Industrial Engineering

By
Zhiqiang Xie
B.S., Kunming University of Science and Technology, 2011
M.S., University of Dayton, 2013
May 2017



ACKNOWLEDGMENTS

I am grateful to my advisor, Prof. Ying Wang, whose consistent guidance,
encouragement, advice and generous support made it possible for me to work on a research
topic that was of great interest to me. It is a great opportunity for me to join her research
group and work under her supervision and instruction. I also would like to sincerely thank
Prof. Wenjin Meng, Prof. Dorel Moldovan and Prof. Leszek Czarnecki for being willing to
serve on my master committee.

I am very thankful to my collaborators, Dr. Jianqing Zhao at Soochow University in
China; Hilary Eikhuemelo, Wangwang Xu, Xiaodan Cui and Sarah Ellis at Louisiana State
University (LSU); Ziyang He at lowa State University; Zheng Liu at Nanyang Technological
University; Xuhui Feng, Prof. Moises A Carreon at Colorado School of Mines; Chengmin
Jiang, Prof. Angel A. Marti at Rice University; Jiuhong Zhang at Kent State University; Dr.
Yujie Zhang, Prof. Aiguo Wu at Ningbo Institute of Industrial Technology, Chinese
Academy of Sciences.

I would like to acknowledge all the financial support from Research Enhancement
Award (REA) and the Research Awards Program (RAP) sponsored by LaSPACE, Graduate
Student Travel Award (LSU), LSU Economic Development Assistantship, ECS Travel Grant
Award from the Battery Division in The Electrochemical Society

Last but not least, I really appreciate my parents, old brother and young sister in
China for their great support and love. I also would like to sincerely thank all my friends at

LSU for their support and understanding in dealing with the challenges I have faced.

i



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt e e e e et e e eeaaee e e eeaaaeeeeenes 1i
LIST OF TABLES ...ttt e e et e e e e eaaeeeeennaaeeeeenees \%
LIST OF FIGURES ... .ottt ettt e et e e e eenaae e e e eenaaeeeeenes Vi
ABSTRAC T ...ttt e e e e e et e e e et e e e eata e e e eenaaeeeeennaaeeeeennees X
CHAPTER 1. INTRODUCGTION .....cooiiiiiieieie ettt e eaae et e e naneee s 1
1.1 BACKEIOUNA ....eiiiiiiieeiie ettt e et e et e saae e ennee e seneeesnseeennseeens 1
1.2 The Working Mechanism of Lithium-ion Battery...........ccceeevvveviiieiiieenieeeieeeee e 3
1.3 Motivation and GOAIS...........coouvviuiiieiiiiiiiieeee et e e e e et e e e e e e eeenns 4
L4 RETCICIICES ...vvveiieei ettt e e e e e e e e e e e e e ee e eeeeeeesssenaaaareeeeeeseeanns 7

CHAPTER 2. NI AND FE DUAL-DOPED LisMns0O;, SPINELS AS CATHODE

MATERIALS FOR HIGH-VOLTAGE LI-ION BATTERIES .......coooviiiiiiiiieeeeeeeeeeee 10
2.1 INETOAUCTION .....eeiiiiee ittt e e e e et e e e e e e eessaaaaaeeeeeeeeeeasarereeeeess 10
2.2 EXperimental SECHIOM ......ccocuiiiiiieeiiieeciee ettt et ere e e aee e s e e s e e snaeeesaseeennseeennne 12
2.3 ReSUILS and DISCUSSION ....vvviiiiiiiiiiiiiieeiee ettt eeere e e e e ee e e e e e e e e eeanaanreeeeeas 13
O} 413 13 13 () TSR 23
2.5 RETCICIICES ...ttt e e e e e e e e e e e e e e e e e e enarraraaeeeas 23

CHAPTER 3. A NOVEL PREPARATION OF CORE-SHELL ELECTRODE MATERIALS
VIA EVAPORATION-INDUCED SELF-ASSEMBLY OF NANOPARTICLES FOR

ADVANCED LI-ION BATTERIES ...t 27
I 15 (Y6 L0 o7 5 (o) s WP 27
3.2 EXPerimental SECHION ......ccuviiiiiiieiiiieciieeciee ettt et e e st e e snreeeenaeeenreas 29
3.3 ReSUILS and DISCUSSION .......covvvuiiiiiiieeeiiieiiieeeeee e e eeere et e e e e e eeenatrereeeeeeesensarrreeeseeeeeanns 31
3.4 CONCIUSIONS ...oeiiiiiietiieeiee ettt eee e e e e e e eeataa e e e e e eeesesaabaeeeeeeeessensstrereeeeeeeananns 40
R I S 1511 1 o1 SRR 40

CHAPTER 4. ONE-STEP SOLVOTHERMAL SYNTHESIS OF SN NANOPARTICLES
DISPERSED IN TERNARY MANGANESE-NICKEL-COLBALT CARBONATE AS

SUPERIOR ANODE MATERIALS FOR LITHIUM-ION BATTERIES...........coovvvvvvennn... 44
4.1 INETOAUCTION .....eeiiiiieiieiiiieeee et eee e e e e e e e et r e e e e e e e eessaaaaeeeseeeeeenanarnreeeeees 44
4.2 EXperimental SECHIOM ......ccciuiiiiiieeiiieecieeette ettt eaee e e aee e sae e e sbeeesnreeesnseeennseeennne 47
4.3 ReSUILS and DISCUSSION ....vveiiiiiiiiiiiiiieiieeeee ettt eeetrer e e e e eeearae e e e e e e e e eeanaaereeeeees 48
T e} 413 13 3 T ) 1RO 58
4.5 REECICIICES ..uvvvveiiii ettt e e e e e et e e e e e e e st aa e e e e e e e e e eerasarareeeeeas 59

CHAPTER 5. HIERARCHICAL SANDWICH-LIKE STRUCTURE of ULTRAFINE N-
RICH POROUS CARBON NANOSPHERES GROWN ON GRAPHENE SHEETS AS

SUPERIOR LITHIUM-ION BATTERY ANODES .......ooiiiiiiieeeeeeeeeeeeeee e 63
oI B 615 (Y6 L0 To7 5 (o) o WO PPRRR 63
5.2 EXPerimental SECHION ......ccuviiiiiieiiiieciieeciie ettt ettt e et e e s e e snseeeenaeeeeneas 66
5.3 ReSUILS and dISCUSSION ...eeieiiiiiiiiiieeiiee ettt e e e e eee e e e e e e e eenstrereeeseeeeeanns 68

iii



S COMNCIUSIONS - oottt e e e e e e et e e e e e e e e e eea e aeeeeeeeeeaanaaaeeeeeeannnnnnans 81

5.5 REIETEICES .....euiiiiieite ettt ettt e b e s e 81
CHAPTER 6. CONCLUSIONS ..ottt sttt sttt nae e 86
APPENDIX: PERMISSION TO USE COPYRIGHTED MATERIALS........cccoooieiirieenes 89
VLT A ettt ettt et e s a e bt e a e e e e e bt en b e eh e e bt enteeateebeenteente st enbeentenaeenneas 94

iv



LIST OF TABLES

Table 2.1 Crystal structure parameters of pristine LisMnsO;, and doped LisMns_, NicFe,O1,
CALNOAES. ...t 15



LIST OF FIGURES

Figure 1.1 Ragone plot of electrochemical energy storage Systems. ..........ccceceveeeveeerieeenneennne. 1

Figure 1.2 Crystal structures of three classes of cathode mateirals with different Li" transport
ChANNEIS. ...ttt ettt st 2

Figure 1.3 Schematic illustration of a lithium-ion battery in discharging process. ................... 4

Figure 2.1 Powder XRD patterns of pristine LisMnsO;, and doped LisMns., NicFe,O1,
cathode materials with various doping amOUNLS. ..........ccccveeeriieeiiieeieeeee e 14

Figure 2.2 SEM images of (a) pristine LisMnsO2, (b) LisMn4 sNig 5012, (¢) LisaMngNiOy,
(d) Li4Ml’l4.5Ni0.25F€0,25012, (e) Li4Ml’l4Ni0,5Feo,5012, and (f) Li4Mn3,75 Ni0.5F€().75012 particles.
.................................................................................................................................................. 16

Figure 2.3 (a) SEM image of LisMn4NigsFeo 5012, (b) Energy-dispersive spectrum (EDS) of
LisMnygNisFepsO12, (¢) and (d) Elemental maps of Ni and Fe in LisMnsNigsFesO12,
L] o o1 A c] | S URURRPPRRN 17

Figure 2.4 SEM image of LisMnyNigsFeysO1, along with 4-spots EDS analysis results with
respect to Mn, Ni, and Fe represented by atomic ratios among them.............ccoccceveenennnnne. 18

Figure 2.5 Discharge curves of pristine Li4MnsO;; and doped LisMns_y.y NigFe O, cathodes
when cycled between 3.2 and 5.0 V vs. Li/Li" at 25 mA/g (0.1 C) c..vovvveveeeeeeeeeeeeen, 19

Figure 2.6 (a) Cycling performances of pristine LisMnsO;, and doped LisMns..y NicFe,O1
cathodes at 0.1 C, (b) Electrochemical impedance spectra of pristine LisMnsO;, and
LisMnyNip sFeg s01,.(the sample with the optimized composition)..........cceeeevveercieeerieeennnenns 20

Figure 2.7 Cyclic voltammograms of (a) pristine LisMnsOj,, (b) LisMngsNigsOi2, (c)
LisMnyNiOy», (d) LisMny sNig25Feo 25012, (€) LiaMnaNig sFeo 5012, (f) LisMn; 75 Nig sFeo 75012
cathode MAterialS ..o 22

Figure 3.1 Schematic illustration of facile preparation of L@S core-shell heterostructure.. ..32

Figure 3.2 (a) TEM bright field images of spinel LisMn4sNipsO;, particles before
sonofragmentation, (b) HRTEM image of LisMn4 sNiy 5O, after sonofragmentation, with (c)
and (d) showing zoom-in view of two regions in the green rectangles in (b) ..........ccceeneeee. 33

Figure 3.3 (a) SEM image of pristine layered LMNCO, (b) Powder XRD patterns of spinel
Li4Mny sNipsO;,, pristine layered LMNCO, L@S core-shell heterostructured powders, (c)
HRTEM images of L@S core-shell sample and (d) zoom-in view of the surface of L@S core-
shell in the green rectangle 1N (C).....oocvieeciiieriieeeiee ettt eneree e 35

Figure 3.4 Initial three charge/discharge curves of (a) pristine layered LMNCO, (b) L@S
core-shell heterostructured cathodes when cycled between 2.0 - 4.99 V vs. Li/Li" at a specific
current of 25 mA/g (0.1C). (c¢) and (d) Cycling performances of pristine LMNCO and L@
core-shell cathodes at 0.1 and 0.5 C, respectively. (e) Rate performances of pristine LMNCO

vi



and L@S core-shell cathodes at various charge/discharge rates. (f) Cyclic voltammograms in
the first three cycles in a voltage range of 2.0 - 4.99 V vs. Li/Li’ ....coovoviiiieeeceeeee, 38

Figure 4.1 Schematic showing synthesis of Sn@MNCCO; composite via a one-step
SOIVOtNETIMAL PIOCESS. .. ueieuiiieeiiieeiiie ettt e e e et e e et e e eaae e s aneeesnseeennseeennseeennns 48

Figure 4.2 SEM images of (a) bare MNCCO; and (b) 10Sn@MNCCO;s composite (the
composite with 10 wt.% Sn nanoparticles dispersed in MNCCO3 matrix) ........ccceeeveeernnennee. 49

Figure 4.3 EDX mapping and patterns of 10Sn@MNCCO; (the composite with 10 wt.% Sn
nanoparticles dispersed in MNCCO3 MALIIX). c.vveeriieeriireeriieenieeenieeereeeeieeeeieeesaeeesseeensveeens 51

Figure 4.4 XRD patterns of (a) MNCCOs, (b) 5SSn@MNCCOs3, (c) 10Sn@MNCCOs, (d)
15SN@MNCCO3, (€) 25SN@MNCCO3 ..ttt 52

Figure 4.5 (a) Cycling performances of Sn@MNCCO; composites with various Sn content
cycled at a specific current of 100 mA/g in a voltage window of 0.01 - 3.0 V vs. Li/Li". (b)
Cycling performances of 10Sn@MNCCO; (the composite with 10 wt.% Sn) obtained via
solvothermal method, 10Sn@MNCCO3-PM (physical mixture of MNCCO; and 10 wt.% Sn),
and the base material MNCCOs. (¢) Charge and discharge profiles of 10Sn@MNCCOs3
composite in the first three cycles at a specific current of 100 mA/g. (d) Rate performances of
10Sn@MNCCO; and bare MNCCOj3 at various specific CUITents. .......cccveeeevveercuveeriveeenveennne. 54

Figure 4.6 Cyclic voltammograms of (a) bare MNCCOs, (b) 5SSn@MNCCO; (the composite
with 5 wt.% Sn), (¢c) 10Sn@MNCCOs, (d) 15Sn@MNCCOs3, (e) 25Sn@MNCCOs, and (f)
bare Sn in the first three cycles at a scan rate of 0.1 MV/S. ...cccovveviiiiiiiieiiiieeeeeecee e 57

Figure 5.1 Scheme showing the synthetic route for preparing the sandwich-like PNCs@Gr
INANOSTIUCTUTE. ..ottt et b e et e s ab e e bt e sbe e s beesbe e e bt e sateeabeesaeeenne 69

Figure 5.2 XRD patterns of (a) ZIF-8 and ZIF-8@GO before carbonization and (b) bare
PNCs and sandwich-like PNCs@Gr nanostructure after carbonization. High-resolution
spectrums of the N 1s XPS peaks of (¢) ZIF-8 and (d) bare PNCs. (e) Nitrogen adsorption-
desorption isotherms of bare PNCs and sandwich-like PNCs@Gr nanostructure. (f) Pore size
distribution (PSD) Of PNCS@IGT. ..cccuviiiiiieeiieeeee ettt et e e 71

Figure 5.3 SEM images of (a, b) bare PNCs, (c, d) ZIF-8@GO and (e, f) sandwich-like
PNCS@GT NANOSITUCTUTE. ....eeeiiviieeiiieeeiiieesieeesieeesiieeeiteeeereeeeeeesseeesaeeesseeessseesssseessnsessssseeans 73

Figure 5.4 (a) SEM image of the sandwich-like PNCs@Gr nanostructure, and (b-d)
corresponding elemental MappINg reSUILS .......oeeviiieriiiiiriiieiee e e 74

Figure 5.5 (a, b) TEM images of ZIF-8@GO at different magnifications, and (c) HRTEM
image of ZIF-8@GO. (d, e) TEM images of the sandwich-like PNCs@Gr nanostructure at
different magnifications, and (f) HRTEM image of PNCS@GT.......cccccoooeeviiiniiniinienieneen, 75

Figure 5.6 Cyclic voltammetry curves of (a) sandwich-like PNCs@Gr and (b) bare PNCs at a
SCAN TAte OF 0.1 MV oo 76

vii



Figure 5.7 Electrochemical characterizations of bare PNCs and sandwich-like PNCs@Gr
electrodes. (a, b) Cycling test of bare PNCs and sandwich-like PNCs@Gr electrodes at 500
mA g and 1A g-1, respectively. (¢) Cycling performance of the sandwich-like PNCs@Gr
electrode at 5 A g for 400 cycles and (d) corresponding Columbic efficiency. (e) Rate
capability of bare PNCs and sandwich-like PNCs@Gr electrodes cycled at various specific
currents ranging from100 mA g to 6 A g”' (f) Nyquist plots of bare PNCs and sandwich-like
PNCS@GT ClECLIOAECS ....vieiiiieeiie ettt eree ettt e e et e e et e e s beeesebeeessseeessseeesnseesnnseeens 77

Figure 5.8 Charge-discharge profiles of the sandwich-like PNCs@Gr electrode (a) cycled at
100 mAg™" and (b) cycled at VATIOUS TALES. . ........v..vveeeeeeeeeeeeeeeeeeeeeeeeeeeseee e eeeeeeee e, 80

viii



Cv

EIS
EDS
FESEM
HRTEM
LMNCO
PVDF
SAED
SEI
SEM
TEM
XPS

XRD

LIST OF ABBREVIATIONS

Cyclic Voltammetry

Electrochemical impedance spectroscopy
Energy dispersive spectroscopy

Field emission scanning electron microscopy
High-resolution transmission electron microscopy
Li[Lip2Mng 54Nig.13C00.13]O2

Polyvinylidene fluoride

Select area electron diffraction
Solid-electrolyte interphase

Scanning electron microscope

Transmission electron microscopy

X-ray photoelectron spectroscopy

X-ray diffraction

ix



ABSTRACT

Nowadays, rechargeable lithtum-ion batteries (LIBs) have been widely used as energy
storage devices for portable electronic devices. The increasing demand for their emerging
applications in hybrid electric vehicles (HEVs) and electric vehicles (EVs) requires us to
develop LIBs with higher energy density and power density. However, both the commercial
cathode material (LiCo0O,) and anode material (graphite) exhibit low specific capacity and
poor rate capability, which severely hinder the practical application of lithium-ion batteries
for transportation. This thesis mainly includes four research works on novel design and
synthesis of nanostructured electrode materials for advanced lithium-ion batteries. To
improve the electrochemical performances of cathode materials LisMnsO,,, dual doping of
Ni and Fe has been applied. It is found that the facile doping strategy can effectively improve
both the operating voltage and reversible specific capacity of Li4sMnsO;,, demonstrating as a
promising high-voltage cathode material for high-energy high-power LIBs. Li-rich transition
metal oxides display very high theoretical capacity but suffer from poor cycling stability and
rate capability due to its large initial capacity loss and inferior structural stability upon
cycling. To solve these problems, we have designed and synthesized a L@S core—shell
structure (Li-rich layered-spinel core—shell heterostructure) via evaporation-induced self-
assembly (EISA) of ultrafine LisMn4sNipsO;, nanoparticles onto the surface of Li-rich
layered Li[Lip2Mngs4Nig13C00.13]O2 (LMNCO), which demonstrates significantly improved
specific capacity, cycling performance and rate capability for application as a cathode in
new-generation LIBs compared to pristine LMNCO.

In addition to cathode materials, we have synthesized two types of high-performance
anode materials for LIBs. A novel structure with Sn nanoparticles well-dispersed in the
microspheres of manganese-nickel-cobalt carbonate MNCCO; (Sn@MNCCO;) has been
prepared by using a facile one-step solvothermal process. We also synthesized sandwich-like,

X



porous nitrogen-doped carbons by using zeolitic imidazolate framework (ZIF-8) as a template

and carbon precursor.
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CHAPTER 1. INTRODUCTION
1.1 Background

Energy issues have become the top priority among a series of global issues for the
next 50 years. Currently, fossil fuels are the dominant source to satisfy the energy needs of
humanity, however, these resources are depleted fast and usually lead to some environmental
problems, such as air pollution and global warming owing to the emissions of nitrous oxide,
methane, carbon dioxide and other gases containing volatile organic compounds [1,2].
Therefore, much progress has been made to overcome the above-mentioned challenges by
developing new energy technologies, including rechargeable batteries, fuel cells,
supercapacitors and so forth. The ever-increasing market of electrical vehicles motivates the
development of high-energy and high-power energy storage devices as new power sources

[3-5].

Ragone chart (cell level)
100000

Super
capacitor
10000

1000

':L‘\\ A

0 100 120 140 160 180 200

Specific power (W/kg)

Speaﬁc energy (Whkg)
Figure 1.1 Ragone plot of electrochemical energy storage systems.[9]
In the past several decades, electrochemical energy storage/conversion systems have
been used widely as power supplies for many portable electronic devices, hybrid electric
vehicles (HEVs) or electric vehicles (EVs) [6-8]. The Ragone plot in Figure 1.1 shows

various current electrochemical energy storage techniques, such as supercapacitors, lead-acid



batteries and lithium ion batteries [9]. Among them, lithium ion batteries exhibit relatively
higher energy density and power density than the others. Nowadays, lithium ion batteries
have become the popular power supply not only for various portable electronics, but also for
electric vehicles, owing to their many advantages such as relatively high energy and high
power density, environmental benignity, long lifetime, as well as no memory effects [10-12].
Currently, the commercial cathode materials in a lithium ion battery include LiCoO,,
LiMn,O4 and LiFePO4. Figure 1.2 shows the crystal structures of these cathode mateirals
with different Li" transport channels [13]. The main drawbacks of these commercial cathode
materials are their low delivery capacity of ~100-170 mAh g and poor rate capability, which
have hindered their application in plug-in hybrid electric vehicles (PHEV) or electric vehicles

(EV).

layered LiCoO2 spinel LiMnZO4 olivine LiFePO4
2D 3D 1D
— P
—~

Dimensionality of the Li*-ions transport

Figure 1.2 Crystal structures of three classes of cathode mateirals with different Li" transport
channels.[13]

In LIBs, pioneering work used metallic lithium as anode for LIBs, due to its very high

theoretical capacity of ~ 3840 mAh g and the lowest reduction potential (-3.04 V vs. S.H.E.)

[14]. However, the growth of dendrites during the repeated battery charge/discharge

2



processes will lead to a short circuit within the LIBs, thereby resulting in some safety issues.
Thus, graphite has replaced the metallic lithium as anode for commercial LIBs, due to its low
cost and better safety, although it has a much lower theoretical capacity of 372 mAh g™'. The
graphite anode can store charges by an insertion mechanism, in which lithium ions are
reversibly inserted into the layered graphite [15, 16]. However, the practical capacity and the
cycle life of graphite anode are usually compromised due to an unavoidable blockage of
insertion sites in the graphite. In this regard, various new anode materials with high
theoretical capacities have been developed to improve the specific capacity, rate capability
and cycling stability of LIBs, including silicon, tin, metal alloys, metal oxides and so forth

[17-19].
1.2 The Working Mechanism of Lithium-ion Battery

Figure 1.3 shows the schematic illustration of a rechargeable lithium ion battery. As
we can see that there are three main components in a lithium ion battery: cathode, anode and
electrolyte. The cathode and anode are separated by an electronic insulator but Li~ conducting
electrolyte [20]. When the battery is powering an electronic, it undergoes the discharging
process, in which the lithium ions are extracted out of the anode material (graphite) and
inserted into the cathode material (cathode) and vice versa in the charging process. The
energy density and power density of a lithium ion battery are mainly dependent on
electrochemical properties of both cathode and anode materials [21].

Generally speaking, the electrode materials should possess the following
characteristics to achieve the goal of high-energy and high-power lithium ion batteries: (i) a
high theoretical capacity; (i7) an excellent electrical conductivity, which can ensure the fast
charge transport within the electrodes and thus can enhance the rate capability of a lithium
ion battery; (iii) a superior structural stability during repeated charge/discharge processes,

which plays a key in role in cycling performance; (iv) highly reversible electrochemical



reactions at electrodes, which can maintain the specific capacity for long-term
charge/discharge cycles; (v) a high cell voltage, which is determined by the standard redox

potential of the cathode and anode during the respective electrode redox reactions.

discharge
e P ares)
Smmmmmn e
® ©

cathode Li* conducting anode
(LiCo0Oy) electrolyte (graphite)

Figure 1.3 Schematic illustration of a lithium-ion battery in discharging process.[20]
Until now, the current electrode materials of lithium ion batteries still cannot satisfy
all the above-mentioned requirements and thus suffer from unsatisfactory cycling stability
and intrinsically poor rate capability [22-25]. Thus, it is highly desirable to develop high-
performance cathode and anode materials with a high specific capacity, superior rate
capability and excellent cycling stability over hundreds or even thousands of

charge/discharge cycles.

1.3 Motivation and Goals

This master thesis mainly includes four projects on development of high-performance
cathode and anode materials for advanced lithium ion batteries. In chapter 2, dual Fe and Ni
doping of LisMnsO;, cathode material is introduced. Spinel LisMnsO,; has attracted great

interest due to its high theoretical capacity of 163 mAh/g in the 3 V region, three dimensional



(3D) Li-ion transport pathway, and a good reversibility resulted from the stability of its
crystal structure wherein all the manganese ions have a valence state of +4 [26]. However,
the application of spinel LisMnsO;, as promising cathode materials in high-energy high-
power LIBs is hindered by its low working potential of ~3 V. To address this issue, the
discharge plateau of LisMnsO;, can be improved by partial substitution of Mn using other

transition metal ions with high potential couples (Cr’"*", Co®"*', etc. Among various

dopants, Ni and Fe can be promising dopants due to their high redox couple potentials (4.7

and 4.9 V, respectively), low cost, abundant resource and environmental friendliness [27,

28]. Therefore, in this work, Ni and Fe dual-doped LisMns.., Ni,Fe,O1, has been successfully
prepared using a facile sol-gel method combined with post-heat treatment. As a result, it is
found that the dual doping of Ni and Fe can effectively improve both the operating voltage
and reversible specific capacity of LisMnsO;,, demonstrating as a promising high-voltage
cathode material for high-energy high-power LIBs.

Chapter 3 presents the preparation of core-shell structured cathode materials for high-
performance lithium ion batteries. Nowadays, Li[Liyp2Mng 54Nip 13C00.13]O2, as one of the Li-
rich cathode materials, has attracted extensive attention due to its extremely high theoretical
capacity of 321 mA h g, better cycling stability and rate capability than other Li-rich
analogs [29]. Unfortunately, these materials still suffer from unsatisfactory cycling stability
and intrinsically poor rate capability. Moreover, it has been reported that Li-rich layered
oxides suffer from surface vulnerability at high voltage and erosion from electrolytes [30]. In
order to address these challenges, we have developed a simple and facile one-pot preparation
of L@S core—shell structure (Li-rich layered-spinel core—shell heterostructure) via
evaporation-induced self-assembly (EISA) of ultrafine LisMnysNipsO;, nanoparticles onto
the surface of Li-rich layered Li[Lip2Mng s4Nip13C00.13]O2 (LMNCO) without using any

surfactant during the coating process. As a result, the as-prepared L@S core—shell material



demonstrates significantly improved specific capacity, cycling performance and rate
capability for application as a cathode in new-generation LIBs compared to pristine LMNCO.

Chapter 4 focuses on development of a novel structure with Sn nanoparticles well-
dispersed in the microspheres of manganese-nickel-cobalt carbonate MNCCOs3
(Sn@MNCCO:s) using a facile one-step solvothermal process. Tin (Sn) with high theoretical
specific capacity has suffered from poor cycling stability due to its huge volume changes
during charging/discharging processes [31]. Ternary manganese-nickel-cobalt carbonate
displays a relatively better cycling stability but poor rate capability due to its low electrical
conductivity. To combine the merits of Sn and carbonate, we have designed and synthesized
Sn@MNCCO; composites. It is expected that the well-dispersed Sn nanoparticles will
enhance the electronic conductivity of the overall electrode, while MNCCO; serves as a
matrix to buffer against the huge volume changes of Sn nanoparticles in the composite. Sn
content has been optimized for maximized battery performance. It is found that
Sn@MNCCO3 composite with 10 wt% of Sn shows a highly reversible specific capacity,
excellent cycling stability and significantly improved rate capability profiting from the
synergic effect of the components in the composite.

Chapter 5 introduces sandwich-like, porous nitrogen-doped carbons as new anode
materials for lithium ion batteries. Although various new carbon-based anode materials have
been developed in recent years, most carbonaceous materials have low electrical conductivity
and poor structural stability when cycled at high charge/discharge rates as well as limited
active sites for effective Li-ion storage [32-35]. Therefore, the lithium storage capability and
rate performance of carbonaceous anodes still need further improvement. In this project,
zeolitic imidazolate framework (ZIF-8) has been selected as a suitable carbon precursor to
yield in situ N-doped porous carbon due to its high N content, large porosity and high

specific surface area. The resultant carbons have been evaluated as anode material in lithium



ion batteries, exhibiting remarkable capacities, outstanding rate capability, and cycling

performances that are some of the best results among carbonaceous electrode materials.
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CHAPTER 2. NI AND FE DUAL-DOPED LisMns0;; SPINELS AS CATHODE

MATERIALS FOR HIGH-VOLTAGE LI-ION BATTERIES *
2.1 Introduction

Nowadays, extensive research efforts have been focused on the application of Lithium
ion batteries (LIBs) on plug-in hybrid electric vehicles (PHEV) or electric vehicles (EV) [1-
3], which require higher operating voltage, higher energy density, longer cycle life, high
safety and low cost [4-5]. In this regard, lithium manganese oxides (LMO) as promising
cathode materials for LIBs have been widely studied over the past decade [6-12]. Among this
family, the 4V spinel LiMn,04 has drawn wide attention due to its high operating voltage and
good rate capability resulted from its 3D lithium ion diffusion in the spinel lattice [13,14], but
one of the major drawbacks is that LiMn,O,4 suffers from fast capacity fading during cycling
due to the manganese dissolution through a  disproportionation reaction
(Mn’*— Mn”*"+ Mn*") and structural change caused by the Jahn-Teller distortion of Mn®"
[15-18]. Recent studies have shown that these limitations can be restrained by increasing the
average valence of Mn in LiMn,0O4 via doping some transition metal ions, such as Ni [19-21],
Co [22], Fe [23], Cr [24], Mg [25] Zn [26] etc. Among its variants, LiMn; sNipsO4 has been
widely reported to have a high operating voltage (~4.7 V) and improved cycling performance
due to the presence of all Mn as Mn*" and Ni as Ni*" [27, 28]. However, electrochemical
performance of LiMn;sNipsO4 is still unsatisfactory due to the formation of LiNi; <O
impurity phase [29] and three cubic phases with large lattice parameter difference during

charging/discharge process [30].

" This chapter previously appeared as Zhigiang Xie, Hilary Eikhuemelo, Jianging Zhao, Carrington Cain,
Wangwang Xu and Ying Wang, “Ni and Fe dual doped LisMnsO,, spinels as cathode materials for high-voltage
Li-ion batteries”, Journal of The Electrochemical Society, 2015, 162, A1523-A1529. It is reprinted by
permission of ECS-The Electrochemical Society.
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Recently, spinel LisMnsO;, has attracted great interest due to its high theoretical
capacity of 163 mAh/g in the 3 V region, three dimensional (3D) Li-ion transport pathway,
and a good reversibility resulted from the stability of its crystal structure wherein all the
manganese ions have a valence state of +4 [31,32]. Recently, Fu et al. reported that porous
Li4MnsO,; nano/micro structure demonstrated a high specific capacity of 161 mAh/g in the 3
V region with excellent cycling stability and good rate capability [31]. However, the
application of spinel LisMnsO;; as promising cathode materials in high-energy high-power
LIBs is hindered by its low working potential of ~3 V. To address this issue, the discharge
plateau of LisMnsO;, can be improved by partial substitution of Mn using other transition

metal ions with high potential couples (Cr’"**, Co®"*, etc) . Among various dopants, Ni

and Fe can be promising dopants due to their high redox couple potentials (4.7 and 4.9 V,
respectively) [33,34], low cost, abundant resource and environmental friendliness. Therefore,
in this work, Ni and Fe dual-doped LisMns.., Ni,Fe,O1, has been successfully prepared using
a facile sol-gel method combined with post-heat treatment. The effects of dual-cations doping
on the crystal structure, morphology and electrochemical properties of the spinel cathode are
investigated by XRD, SEM and galvanostatic charge/discharge analysis. As a result,
LisMnyNij sFeo 501, demonstrates the highest reversible specific capacity of 133 mAh/g at a
specific current of 25 mA/g after 100 cycles and exhibits a high-voltage performance with a
corresponding capacity of ~80 mAh/g at an average voltage of 4.7 V vs. Li/Li" and ~122
mAh/g at above 4.0 V, which is realized for the first time, to the best of our knowledge.
These results indicate that the dual doping of Ni and Fe can effectively improve both the
operating voltage and reversible specific capacity of LisMnsO;,, demonstrating as a

promising high-voltage cathode material for high-energy high-power LIBs
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2.2 Experimental Section

The pristine Li;MnsO;, and doped spinel LisMns.,yNiFe,O1, samples (namely,
LisMns sNipsO12,  LisMn4NiOjp,  LisMngsNigosFeo25012,  LiaMnsNigsFep O, and
Li4Mn; 75Nig sFeo75012) were synthesized via a facile sol-gel method combined with post-
heat treatment. Briefly, 20 mmol stoichiometric manganese (II) acetate tetrahydrate, nickel
(I1) acetate tetrahydrate and Iron (III) nitrate nonahydrate with a molar ratio of Mn*": Ni*":
Fe’" = 5-x-y: x: y were separately dissolved in 50 mL distilled water, and 16 mmol lithium
hydroxide was dissolved in 15 mL distilled water. Afterwards, the transition metal precursor
solution was added dropwise into the lithium precursor solution under continuous stirring.
Subsequently, the mixed solution was aged in air at 40°C until the solvent was completely
evaporated. To improve the crystallinity of the collected powders, sintering was performed at
900°C for 3 h using a heating/cooling rate of 1°C/min. After the furnace was cooled down to
room temperature, the as-prepared doped spinel powders were obtained. For comparison
purpose, the pristine LisMnsO;; was also synthesized by the same method without adding the
doping materials.

The crystal structure of the obtained powders was investigated by x-ray diffraction
(XRD) using a Rigaku MiniFlex X-ray diffractometer with Cu Ka radiation. XRD Data was
collected in the range of 10°<26<80° at a scan rate of 2°/min at room temperature. The
Morphology and elemental analysis of the samples were observed using field emission
scanning electron microscopy (FE-SEM) on a FEI Quanta 3D FEG FIB/SEM dual beam
system, which is equipped with energy-dispersive X-ray spectroscopy (EDS).

Electrochemical properties of the synthesized LisMns.., NixFe O, (0.5<x+y<1.25)
spinel cathode materials were evaluated using 2032-type coin cells. Typically, the cathodes
were prepared by uniformly coating a homogeneous slurry of 80 wt % active material

powders, 10 wt % acetylene black (conductive carbon, Alfa Aesar, 99.5%), and 10 wt %
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polyvinylidene fluoride (PVDF, Alfa Aesar) binder in 1-methyl-3-pyrrolidone (NMP) solvent
on aluminum foils and then dried in vacuum at 120°C for 24 h. Coin cells were assembled in
an argon-filled glove box. The electrolyte was 1 M LiPF¢ dissolved in ethylene carbonate
(EG), dimethyl carbonate (DMC) and diethyl carbonate (DEC) at a volumetric ratio of 1:1:1.
The electrochemical performance was tested at various C-rate regimes in the voltage range of
3.2-5.0 V by using an 8-channel battery analyzer (MTI Corporation). 1C rate was defined as
250 mAbh/g. Cyclic voltammetric (CV) measurement was carried out on a CHI605C
electrochemical analyzer at a scanning rate of 0.1 mV/s between 3.2 V and 5.0 V vs. Li/Li".

All electrochemical measurements were performed at room temperature.
2.3 Results and Discussion

Figure 2.1 shows the powder XRD patterns of the as-prepared LisMnsO;, and doped
samples. The examination of diffraction patterns of all the samples confirms that all the
strong peaks including (111), (311), (222), (400), (331), (511), (440), (531), (444) and (551)
can be readily indexed to LisMnsO,, with spinel phase of face-centered cubic structure
(ICDD: 46-0810). These high-intensity peaks also suggest the highly crystalline nature of the
as-synthesized pristine LisMnsO;, and doped LisMns.yNi,Fe,O12 powders. However, it is
found that several weak peaks (marked as * in Figure 2.1) are consistent with the layered
Li;MnO; phase with C2/m symmetry (ICDD: 84-1634), which might be ascribed to the
decomposition of LisMnsO;; spinel phase during post-heat treatment at 900°C. As reported in
literature, this secondary layered phase contributes to a high capacity and meanwhile
stabilizes the spinel phase when cycled in a broad voltage range [42, 43]. Detailed
comparison of peak shift can be found in the selective patterns in the range of 18-19.5° and
35-50°. Compared to pristine LisMnsOjp, the main (111), (311), (222) and (400) peaks
obviously shift to higher angles in the single-element Ni-doping cases of LisMny s NigsO;,

and LisMn4 NiOj,, while the diffraction peaks of (Ni, Fe)-doped LisMny4 sNigasFeg25012,
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LisMnyNig sFep 5O, and LisMn;75NigsFep 75012 are found to shift back gradually with the
increased Fe doping amount. As for LiuMnsNigsFeo 5012, its diffraction peaks barely change
in comparison with those of pristine sample, suggesting that appropriate doping amount of Fe
can effectively counterbalance the Ni-doped spinel structure via further substituting Mn ions
with larger sized Fe ions. However, it is observed that diffraction peaks from

LisMnyNig sFeg 7501, start shifting towards the lower angles.
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Figure 2.1 Powder XRD patterns of pristine LisMnsO,, and doped LisMns.y.y NicFe,O1
cathode materials with various doping amounts.

The variation in lattice parameter (a) and the corresponding unit cell volume (V) of
the samples are calculated from the XRD data, as presented in Table 1. For pure LisMn;sO>,
its lattice parameter and unit cell volume are a=8.2110 A and V=553.602 A’. Regarding
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single-element Ni-doped LisMny4 s Nip 501, and LisMnsNiO;,, their lattice parameters decrease
gradually with the increase in the amount of Ni from 0 to 1.0, revealing that their crystal
structures are contracted with the substitution of Ni ion for Mn ion in Ni-doped LisMnsO;,,
which may be ascribed to the shorter bond length of Mn(Ni)-O than that of Mn-O. Such
phenomenon has also been reported for Ni-doped LiMn,0O, spinel cathode materials [33, 35,
36]. J. Shu et al. discovered that the shortening of Mn(Ni)-O bond length can increase the
mean chemical bond energy, thereby improving the structural stability of LiNigpsMn; sO4
during electrochemical cycling [35]. Y. J. Wei et al. also confirmed that contraction of the
crystal structure can stabilize the spinel structure during charge/discharge processes [36].
Therefore, single-element Ni-doped samples are expected to deliver a better cycling stability
compared to bare LisMnsO;,. For Ni and Fe dual doped samples, their lattice parameters are
slightly larger than single-element Ni-doped sample, which may be attributed to substitution
of Mn ions with larger size of Fe ions. When the molar ratio of Fe is increased to 0.75, the
calculated lattice parameter and unit cell volume indicate a slight volume expansion for
Li4sMn; 75Nig sFeo 75012. Therefore, doping of Ni is expected to improve cycling stability of
Li4MnsO,, due to contraction of the crystal structure. In contrast, doping of Fe may lead to
structural instability due to the slight volume expansion.

Table 2.1 Crystal structure parameters of pristine LisMns;O;, and doped LisMns_, NicFe,O1,

cathodes.
Samples di/A JA Cell volume V/(A?)
LisMnsO» 4.7408 8.2110 553.602
LisMny sNigsO1, 47210 8.1768 546.695
LisMmyNiO, 4.7144 8.1653 544.400
LisMny sNig2sFeq 25012 47341 8.1994 551.255
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Li4Mn4Ni0,5Feo,5012 4.7341 8.1994 551.255

Li4MIl3,75 Ni0,5F60.75012 4.7475 8.2227 555.960

Figure 2.2 SEM images of (a) pristine LisMnsO3, (b) LisMn4 sNigsO12, (¢) LisMnsNiO,, (d)
LisMny sNig2sFe 25012, (€) LiaMnyNig sFey 5012, and (f) LisMnj 75 Nig sFeo 7501, particles.
Figure 2.2 compares surface morphology and particle size of pristine LisMnsO,; as
well as Ni and Fe-doped samples. It can be seen that morphologies of these spinel powders
become quite different after doping of Ni and Fe. The pristine Li4sMnsO,; exhibits highly
crystallized particles ranging from 2 to 5 um with smooth polyhedral facets. Compared to
pristine LisMnsO,, single-element doping of Ni apparently reduces the mean particle size of
both LisMny s NipsO;; and LisMny NiOj, powders into sub-micron scale. For all the (Ni, Fe)-
doped samples, a unique nano/micro structure is observed as shown in Figure 2.2 d-f. The
nano-sized particles tend to be embedded on the surface of the micro-sized, suggesting that

doping of Fe can further reduce the particle size of the spinel into nano-scale.
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Figure 2.3 (a) SEM image of LisMn4NigsFepsO;2, (b) Energy-dispersive spectrum (EDS) of
LisMnygNipsFepsO12, (c) and (d) Elemental maps of Ni and Fe in LisMn4NipsFeysOa,

respectively.

EDS mapping analysis is also carried out to further identify Ni and Fe dopants in
LisMnyNigpsFeosO,. Figure 2.3a shows the secondary electron microscope image of
LisMnyNij sFegsO1,. The existence of Ni and Fe dopants is confirmed by EDS spectrum in
Figure 2.3b. Moreover, as shown in the EDS mapping in Figure 2.3c-d with the green and red
dots representing Ni and Fe element respectively, it is clear that Ni and Fe dopants are
distributed homogeneously in the sample, suggesting the well-prepared dual-doped cathode
material via a facile sol-gel method combined with post-heat treatment. In addition, as
detected by SEM-EDS using spot analysis, Figure 2.4 shows a comparison of different small

regions in an as-prepared LisMnsNipsFeosO;, sample to investigate the possible
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compositional changes between micro-sized particles and nanoparticles. As a result, the
relative content of Mn: Ni: Fe has almost no change in four regions, and the obtained values

of relative composition of each transition metal are consistent with the aimed design

Li4Mn4Ni0,5F60,5012.
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Figure 2.4 SEM image of LisMn4Nij sFeosO;, along with 4-spots EDS analysis results with

respect to Mn, Ni, and Fe represented by atomic ratios among them.

Figure 2.5 presents discharge curves of various cathode materials, namely, pristine
LisMnsOq;, LisMny sNigsO12, LisMnyNiO1,, LisMnysNigosFe25012, LisMnyNigsFepsO1, and
LisMn; 75 Nig sFeo 75012, when cycled in a voltage range of 3.2 - 5.0 V vs. Li/Li". Ata specific
current of 25 mA/g (0.1 C), pristine LisMnsO;, delivers a discharge capacity of 90 mAh/g in
the 100™ cycle with predominant discharge voltage plateau around 4.0 V vs. LV/Li". It is
found that all the Ni- and (Ni, Fe)-doped cathode materials demonstrate considerably
increased operating voltage and discharge capacity. For example, LisMnsNipsFeysOi,
cathode delivers the highest discharge capacity of ~122 mAh/g at above 4.0 V and ~80
mAh/g at an average voltage of 4.7 V vs. Li/Li", which is attributed to the redox couples
N2

and Fe*" of doping ions. LisMnj 75NigsFe 7501, shows a similar high operating

voltage plateau to LisMnyNigsFeosO;,, but its discharge capacity is much lower than that of

18



LisMnyNip sFep 5O, suggesting that a Fe doping ratio higher than 0.5 possibly causes
instability of Ni-doped spinel structure and consequent capacity loss upon cycling. This
finding is consistent with XRD and SEM results. It is important to note that discharge
profiles of Ni-doped and (Ni, Fe)-doped cathodes at the 50™ and 100™ cycles are almost
identical, showing no noticeable decrease of the high-voltage plateau during long-term

cycling, which proves excellent cycling stability of cubic spinel structure.
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Figure 2.5 Discharge curves of pristine Li4MnsO;; and doped LisMns_y.y NigFe O, cathodes

when cycled between 3.2 and 5.0 V vs. Li/Li" at 25 mA/g (0.1 C).

Figure 2.6a compares cycling performances of pristine LisMnsO;; and doped LisMns.
«yNixFeyO1, cathode materials at 0.1 C rate. It is observed that all the samples exhibit
outstanding cycling performances with a remarkable capacity retention of ~96% after 100
electrochemical cycles, which can be ascribed to intrinsic structural stability of the spinel
cubic structure and the stabilizing effect from the secondary phase of layered Li,MnO; as
confirmed by XRD results earlier. Pristine LisMnsO;; can deliver a discharge capacity of ~90
mAh/g after 100 electrochemical cycles in a voltage range of 3.2 - 5.0 V vs. Li/Li".
Compared to pristine LisMnsOpp, all the doped LisMns.,NiFe,Oi, samples display

significantly increased discharge capacity. After 100 cycles, LisMn4 sNips0O12, LisMnyNiOj,,
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LisMny sNig25Fe0 25012, LisMnyNigsFeosO1, and LisMnj; 75 NigsFep 7501, deliver a discharge
capacity of 130, 109, 110, 133 and 115 mAh/g, respectively. Therefore, LisMnyNijsFey 5O,
exhibits the best electrochemical performance, since it provides a combination of high
capacity and high operating voltage as well as excellent cycleability among various
compositions investigated in this work. Fig. 2.6b presents the electrochemical impedance
spectra (EIS) of pristine LisMnsO;, and LisMn4NigsFepsO;, (the sample with optimized
composition), showing the plots composed of high and low frequency regions. The high-
frequency semicircle is resulted from the charge-transfer process and the intercept of the
semicircle with the Z real axis is related to the charge transfer resistance (R.;), while the
straight line in the low frequency is attributed to the Warburg diffusion of lithium ions in the
electrode material. It can be seen the optimized LisMny4NigsFeysO;, shows a lower charge
transfer resistance of 76.1 Q than that of the pristine LisMnsO;,(92.6 Q), indicating that Ni
and Fe dual doping enhances electron transport and facilitates kinetics of the electrode
material. In addition, the slope of the optimized LisMn4Nij sFegsO;2 is apparently larger than

that of pristine LisMnsO;,, suggesting much faster Li-ion diffusion process in
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cathodes at 0.1 C, (b) Electrochemical impedance spectra of pristine LisMnsO;, and

LisMnyNip sFe 501, (the sample with the optimized composition).

Cyclic voltammograms (CV) measurements in a voltage range of 3.2 - 5.0 V vs.
Li/Li" at a scan rate of 0.1 mV/s at room temperature are carried out to further explore
electrochemical characteristics of the doped cathode materials. As described in the
experimental part, the doped samples are prepared via a facile sol-gel method combined with
post-heat treatment at 900 °C for 3 hours. It is well known that all the manganese ions in pure
stoichiometric Li4MnsO;, have a valence state of +4. However, spinel LisMnsO;; is widely
reported as sensitive to the synthesis or high annealing temperature (T > 500°C), which
causes it to decompose into layered Li,MnOs3 and spinel Li;+,Mn;_,04 (0<z<0.33) [9, 37]; and
this material is considered as a 4.0 V cathode due to the redox couple of Mn®"/Mn*".

As seen in Figure 2.7a, pristine LisMnsO,, shows strong peaks at ~4.2 V and ~3.8 V,
corresponding to the oxidation and reduction reactions of Mn*"/Mn*" possibly from the spinel
Li1;+,Mn,_,04 phase. It is also observed that a strong anodic peak occurs at ~4.9 V (marked as
*) in the first charging process. As reported in literature, the layered Li,MnOs can transform
into MnO, due to the extraction of Li" in the form of Li,O [38-40], resulting in the above
anodic peak at ~4.9 V. It is also found that such electrochemical activation of the layered
Li;MnO; i1s irreversible since the strong peak is weakened drastically in subsequent
electrochemical cycles. However, in the case of Ni-doped cathode materials
(L14Mny sNig 5012, LisMnygNi;0Oy5), there are two new anodic peaks appearing at 4.8 V and
4.9V as well as one new cathodic peak at 4.6 V, possibly caused by voltage difference
between Ni*"/Ni’" and Ni*"/Ni*" redox couples. As for (Ni, Fe)-doped cathodes, there is a
broad high-voltage redox peak at around 4.9 V, which is ascribed to the Fe’"/Fe*" redox
reactions. Similar results have been reported by G. B. Zhong et al [22] and Ohzuku et al [41].

It is also noted the CV curves of all the (Ni, Fe)-doped cathode materials are almost identical
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in the extended cycles (3rd and 4th), suggesting improved electrochemical reversibility

compared to pristine LisMnsO;,.
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2.4 Conclusions

To achieve both high voltage and high capacity of spinel LisMnsO,,, a simple strategy
of doping with transition metal Ni and Fe ions is introduced in this work. Electrochemical
performances of the doped spinel powders are investigated for application as high-voltage
cathode materials in LIBs up to 5.0 V. As predicted, the as-synthesized dual doped
LisMnyNip sFep 5O, cathode material not only delivers a high discharge capacity of 133
mAh/g after 100 cycles at 0.1 C rate, which is much higher than the capacity of 90 mAh/g
from pristine LisMnsO;,, but also demonstrates a higher operating voltage increased from 4.0
to 4.7 V. According to XRD, SEM and EDS results, such enhanced electrochemical

: 2+/3+/4+ +/4+
performances can be attributed to redox couples Ni*"*"*" and Fe®"/

of the doping ions and
the unique nano/micro structure of the doped cathode materials consisting of nano-sized
particles embedded on the surface of micro-sized particles. In addition, the doping of Ni and
Fe ions shows distinct effects on the morphology, crystal structure and particle size of the
spinel cathode materials. Considering its facile synthesis method and remarkably improved

electrochemical performance, (Ni, Fe)-doped LisMnsO;, would be a promising high-voltage

cathode material for high-energy high-power LIBs.
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CHAPTER 3. ANOVEL PREPARATION OF CORE-SHELL ELECTRODE
MATERIALS VIA EVAPORATION-INDUCED SELF-ASSEMBLY OF

NANOPARTICLES FOR ADVANCED LI-ION BATTERIES*
3.1 Introduction

The main drawbacks of commercial LiCoO, cathode materials such as limited
delivery capacity, toxicity as well as high cost have hindered their application in plug-in
hybrid electric vehicles (PHEV) or electric vehicles (EV).[1,2] In this regard, Li-rich layered

oxides have attracted extensive attention due to their high specific capacity of ~250 mA h g’

when cycled over a broad voltage range between 2.0 and 4.8 V versus Li/Li’ and other
advantages such as environmental benignity, safety and relatively low cost.[3,4] Among Li-
rich layered oxides, Li[Lip>Mngs4Nip13C0013]O2, a solid solution in a two component
notation as 0.5Li,MnQO3-0.5LiMn;3Ni;,3C0;30; (hereafter denoted as LMNCO), has attracted
extensive attention due to its extremely high theoretical capacity of 321 mA h g ', better
cycling stability and rate capability than other Li-rich analogs. Unfortunately, these materials
still suffer from unsatisfactory cycling stability and intrinsically poor rate capability.[3—5]
Moreover, it has been reported that Li-rich layered oxides suffer from surface vulnerability at
high voltage and erosion from electrolytes.[6—9] In order to address these challenges, many
efforts have been devoted to improving the structural and surface stabilities by using a simple
surface modification strategy. Up to now, various metal oxides (Al,O3,[10] CeO,[11]etc.),
fluorides and phosphates,[12—14] as well as some other Li-ion conducting LiNiPOy,[15,16]
LiAIO,[17] and Li,ZrOs [18] have been applied to stabilize the surface structure of Li-rich
layered oxides and suppress side-reactions between the electrode and electrolyte, thereby

leading to improved cycling performance and thermal stability. However, such coating

" This chapter previously appeared as Zhigiang Xie, Sarah Ellis, Wangwang Xu, Dara Dye, Jianqing Zhao and
Ying Wang, "A novel preparation of core-shell electrode materials via evaporation-induced self-assembly of
nanoparticles for advanced Li-ion batteries", Chemical Communication, 2015, 51, 15000-15003. It is reprinted
by permission of The Royal Society of Chemistry (RSC).
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materials are either poor electronic or ionic conductors and generally are not
electrochemically active, thereby leading to limited improvement in electrochemical
performance of Li-rich layered oxides.

Recently, lithium manganese oxide (LMO) based spinel cathodes have attracted
intensive attention due to their high rate capability resulting from their efficient 3D Li"
diffusion channels.[19,20] Among them, spinel Li;+xMn,0O4 has been studied as the coating
material to overcome the above-mentioned drawbacks of Li-rich layered oxide materials. [21]
In the design of a layered-spinel core—shell heterostructure, the spinel coating with efficient
3D Li-ion transport channels was expected to stabilize the layered bulk upon high-voltage
cycling and to rapidly transport Li ions between the layered bulk and electrolyte, leading to
improvements in both cycling stability and rate capability of Li-rich layered oxide cathodes.
However, preparation of core—shell heterostructures reported in the literature required
complex procedures and precise control of reaction conditions such as pH and concentration
of the solutions, which poses challenges for large-scale production for high-energy high-
power LIBs.[22] In addition, the spinel Li;+xMn;O4 has been reported to have an
unsatisfactory cycling stability due to Jahn-Teller distortion and manganese dissolution
through a disproportionation reaction.[23,24]

To improve electrochemical properties of conventional spinel Li;.:xMn,0Oy, it 1s found
in our recent work that Ni-doped spinel LisMnsO;; (LisMny4sNipsO;;) can be charged to
around 5.0 V and show remarkable high-voltage cycling stability at room temperature.[25] In
addition, its 3D Li" ion diffusion pathways ensure its excellent rate capability.[26] Therefore,
it can be expected to be a promising coating material to replace spinel Li;+xMn,O4. Herein,
we report a simple and facile one-pot preparation of L@S core—shell structure (Li-rich
layered-spinel core—shell heterostructure) via evaporation-induced self-assembly (EISA) of

ultrafine  Li4MngsNipsO;, nanoparticles onto the surface of Li-rich layered
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Li[Lip2Mng 54Nig13C00.13]02 (LMNCO) without using any surfactant during the coating
process. In this study, we also introduce a simple route to prepare ultrafine LisMn4 sNipsO1
nanoparticles (5-20 nm) from the spinel LisMnssNipsO;; bulk by the so-called
sonofragmentation. Sonofragmentation is a well-known one-step process to directly produce
nanoparticles from large-grained powders.[27,28] It has been reported that even intrinsically
strong carbon nanotubes can be fragmented by sonication.[29] As a result, the as-prepared
L@S core—shell material demonstrates significantly improved specific capacity, cycling
performance and rate capability for application as a cathode in new-generation LIBs
compared to pristine LMNCO. Due to the structural and functional versatility of
nanoparticles, the synthetic approach reported in this work can be generalized to other

materials to form novel core—shell structures, for applications in LIBs or other fields.
3.2 Experimental Section

3.2.1 Synthesis of core Li-excess Li[Lig>,Mng s4Nig 13C00.13]O2 nanoparticles.

Li-excess Li[Lip2Mngs4Nip13C00.13]O2 nanoparticles were synthesized using
surfactant-assisted dispersion in a sol-gel method. We first prepared three precursor solutions:
5.4 mmol F127 (EO;06PO70EO;p6) in 50 mL ethanol, 0.08 mol transition metal acetate
tetrahydrates (a molar ratio of Mn”": Ni*": Co**=0.54 : 0.13 : 0.13) in 50 mL ethanol, and
0.12 mol lithium hydroxide in 20 mL DI water. The molar ratio of F127/Mn*" was 0.01. The
transition metal precursor solution was added dropwise into the F127/ethanol solution under
continuous stirring at 40°C, and then the lithium precursor solution was added. The mixed
solution was heated at 80°C until the solvent was completely evaporated. Afterwards, the
mixture was dried in air at 120°C for 12 h. The heat treatment of the dried mixture was
carried out in air at 300°C for 3h, followed by sintering at 900°C for 12 h.
Li[Lip2Mnyg 54Nig.13C00.13]O2 nanoparticles were collected after cooling to room temperature.

dnot adjust margins
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3.2.2 Synthesis of shell layered-spinel integrated LisMny4 sNip sO;, material.

The layered-spinel integrated LisMnysNipsO;, was synthesized by a facile sol-gel
method. Two precursor solutions were first prepared: 20 mmol transition metal (II) acetate
tetrahydrates (a molar ratio of Mn2+:Ni2+=9:1) in 50 mL distilled water, and 16 mmol
lithium hydroxide in 15 mL distilled water. The transition metal precursor solution was added
dropwise into the lithium precursor solution under continuous stirring. The mixed solution
was then heated at 80°C until the solvent was completely evaporated. Afterwards, the
mixture was dried in air at 120°C for 12 h. The heat treatment of the dried mixture was
carried out in air at 500°C for 5 h, followed by sintering at 900°C for 3h. The as-prepared
particles were collected after cooling to room temperature.

3.2.3 Preparation of core-shell composite materials.

Ten mg LisMny sNipsO;, was first dispersed in 20 mL ethanol in a sealed vial using
an one-step sonication treatment in a VWR B2500A-BTH ultrasonication water bath,
operating at 210 W and 40 kHz for 2 h. 90 mg Li[Liyp>Mng 54Nip.13C00.13]O2 powders were
then added into the as-prepared suspension of LisMn4sNipsO;,, followed by continuously
stirring at 80°C until the solvent was completely evaporated. The composite materials were
dried in air at 120°C for 12 h. The heat treatment of the dried powders was carried out in air
at 500°C for 3 h and collected after cooling to room temperature.

3.2.4 Material characterizations

The crystal structure of the obtained powders was investigated by x-ray diffraction

(XRD) using a Rigaku MiniFlex X-ray diffractometer with Cu Ka radiation. XRD Data was

collected in the range of 10°<2 <80° at a scan rate of 2o/min at 6 room temperature. The

Morphology of the samples was observed using field emission scanning electron microscopy
(FE-SEM) on a FEI Quanta 3D FEG FIB/SEM dual beam system. Transmission electron

microscopy (TEM) and high-resolution TEM (HRTEM) images were captured to investigate
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the crystal structure and core-shell structure of samples using a JEM-2010 instrument
microscope at an acceleration voltage of 200 kV.
3.2.5 Electrochemical Measurements

Electrochemical properties of the synthesized cathode materials were evaluated using
2032-type coin cells. Typically, the cathodes were prepared by uniformly coating a
homogeneous slurry of 80 wt % active material powders, 10 wt % acetylene black
(conductive carbon, Alfa Aesar, 99.5%), and 10 wt % polyvinylidene fluoride (PVDF, Alfa
Aesar) binder in 1-methyl-3-pyrrolidone (NMP) solvent on aluminum foils and then dried in
vacuum at 120°C for 24 h. Coin cells were assembled in an argon-filled glove box. The
electrolyte was 1 M LiPF6 dissolved in ethylene carbonate (EC), dimethyl carbonate (DMC)
and diethyl carbonate (DEC) at a volumetric ratio of 1:1:1. The electrochemical performance
was tested at various C-rate regimes in the voltage range of 2.0-4.99 V by using an 8-channel
battery analyzer (MTI Corporation). 1C rate was defined as 250 mAh/g. Cyclic voltammetric
(CV) measurement was carried out on a CHI605C electrochemical analyzer at a scanning rate
of 0.1 mV/s between 2.0 V and 4.99 V vs. Li/Li". All electrochemical measurements were

performed at room temperature.

3.3 Results and Discussion
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Figure 3.1 Schematic illustration of facile preparation of L@S core-shell heterostructure.
Figure 3.1 presents a schematic illustrating the facile synthesis procedure of L@S
core-shell heterostructure via EISA, which is different from existing methods such as “dip

»2l or co-precipitation.[22] Briefly, simple top-down preparation of spinel

and dry
LisMny4 sNipsO;2 nanoparticles is introduced by applying ultrasonication to larger
Li4Mny sNip 50O, particles in ethanol for two hours. The large-sized LisMny4 sNig 5O, particles
are broken into smaller nanoparticles due to mechanical energy of ultrasonic wave.
Afterwards, as described in the experimental part, the resultant suspension of
LisMny4 sNig 5012 ultrafine nanoparticles in ethanol are mixed with
Li[Lip2Mnyg 54Nig.13C00.13]O2 suspension in ethanol, followed by continuously stirring at 80°C
until the solvent is completely evaporated. In this step, ultrafine nanoparticles of
LigMny sNipsO;,  tend to  self-assembly on  the surface of  large-sized
Li[Lip2Mnyg 54Nig13C00.13]O; particles in order to drastically reduce surface energy. Finally,

after post-annealing at 500°C for 3 hours, L@S core-shell heterostructure is successfully

obtained.
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Figure 3.2 (a) TEM bright field images of spinel LisMnysNipsO;, particles before
sonofragmentation, (b) HRTEM image of LisMny sNipsO;, after sonofragmentation, with (c)
and (d) showing zoom-in view of two regions in the green rectangles in (b).

The as-prepared spinel LisMny4 sNigsO1; particles are characterized by both scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM image
of LisMny sNij 5O, particles before sonofragmentation in Figure S1 shows numerous highly-
crystalline nanoparticles with smooth surfaces. Figure 3.2a and b display TEM and high-
resolution TEM (HRTEM) images of spinel LisMn4sNigsO;, powders before and after
sonofragmentation, respectively. Figure 3.2a reveals the average size of primary
LisMny sNipsO;; particles is ~500 nm. Interestingly, it is found in Figure 2b and c¢ that
sonication can effectively reduce the particle size of LisMny4 sNiy 5O, powders into nanoscale
(5~20 nm). The lattice fringes of each nanoparticle in Figure 3.2¢ are clearly observed. The
zoom-in view of two regions in green rectangles in Figure 3.2b is displayed in Figure 3.2c
and d. The lattice fringes of the LisMn4 sNiy sO1, surface coating can be readily indexed to the
planes of (222), (400) and (220), respectively, suggesting the efficient preparation of ultrafine
monocrystalline nanoparticles by using the sonication treatment. This approach demonstrates
a promising way to produce various inorganic nanoparticles and will find wide potential

applications in many fields such as nano-scale electronic devices.
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As revealed in the SEM image of pristine layered LMNCO in Figure 3.3a, the sample
is composed of nanoparticles (~200 nm) with smooth surface, indicating their highly
crystalline nature. It is noted that L@S core-shell sample looks very similar to LMNCO
particles under SEM since the ultrathin coating cannot be detected by SEM. Therefore, TEM
is used to examine morphology of the core-shell structure as shown in Figure 3.3c and d.
Crystal structures of the as-prepared pristine layered LMNCO, spinel LisMny4sNigsO;; and
L@S core-shell samples are further identified using powder X-ray diffraction (XRD) as
shown in Figure 3.3b. The main peaks from the LisMn4sNipsO;, sample can be readily
indexed to Li1sMnsO,, with spinel phase of face-centered cubic structure (ICDD: 46-0810). A
secondary phase of monoclinic Li,MnO3; with C2/m symmetry (ICDD: 84-1634) is evidenced
as well, which might be ascribed to decomposition of Li4MnsO;, spinel phase during post-
heat treatment at 900°C.[25] The strong peaks from both pristine LMNCO and L@S core-
shell heterostructure samples can be indexed as a layered a-NaFeO; structural type with space
group R3m symmetry and some weak superstructure reflections (marked as * in Figure 3b)
can be ascribed to monoclinic phase Li,MnOs;. Compared to XRD patterns of pristine
LMNCO and spinel LisMnssNipsOi,, the XRD pattern from the L@S core-shell
heterostructure sample combines with the patterns of both layered structure and cubic spinel
structure with weak shoulder peaks assigned to the spinel coating as pointed by the arrows in

Figure 3.3b.
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Figure 3.3 (a) SEM image of pristine layered LMNCO, (b) Powder XRD patterns of spinel
LisMny sNip 5Oy, pristine layered LMNCO, L@S core-shell heterostructured powders, (c)
HRTEM images of L@S core-shell sample and (d) zoom-in view of the surface of L@S core-
shell in the green rectangle in (¢).

High-resolution TEM (HRTEM) is used to examine L@S core-shell sample to further
identify its surface structure. As observed in Figure 3.3c¢, the bulk layered structure of pristine
LMNCO is well-preserved in the L@S core-shell structure, displaying lattice fringes with an
interplanar spacing of ca. 4.73 A. It can also be seen that a homogeneous outer layer is
uniformly coated on the surface of layerd LMNCO bulk. The enlarged view in Figure 3.3d
reveals a crystalline outer layer with lattice fringes showing an interplanar spacing of ca. 1.38
A, which do not belong to the layered structure but are consistent with the (531) plane of the

cubic spinel (Fd-3m), confirming that the outer layer is the spinel coating. Therefore, it can
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be concluded that novel L@S core-shell structure can be facilely synthesized via evaporation-
induced self-assembly of nanoparticles, which opens new route for achieving various core-
shell structures for different applications.

Figure 4.4a and b compares initial three charge/discharge curves of pristine LMNCO
and L@S core-shell heterostructured cathodes when cycled between 2.0 and 4.99 V vs. Li/Li"
at 25 mA/g (~0.1 O). It is found that L@S core-shell heterostructured cathode is capable of
providing a discharge capacity of ~272 mAh/g after three cycles, which is higher than
pristine LMNCO that delivers a discharge capacity of ~248 mAh/g. Compared to the
discharge plot of pristine LMNCO, two newly-formed plateaus at around 4.7 and 2.7 V are
observed for L@S core-shell heterostructured sample, which is associated with the coating of
spinel Li4MnysNips5012.[25, 26] Therefore, lithium ions can be intercalated into the spinel
coating at around 4.7 and 2.7 V (marked by arrows) during the discharge process, thereby
leading to higher discharge capacities of L@S core-shell structure.

In order to compare cycling stability of L@S core-shell and pristine LMNCO
cathodes, both samples are cycled at 0.1 and 0.5 C in the wide high-voltage range between
2.0 —4.99 V vs. Li/Li", respectively, as shown in Fig. 3.4c and d. As observed in Figure 3.4c,
pristine LMNCO delivers a maximal capacity of ~258 mAh/g and maintains ~233 mAh/g
after 60 cycles at 0.1 C. In contrast, L@S core-shell cathode delivers a maximal capacity of ~
286 mAh/g and retains 273 mAh/g after 60 cycles exhibiting a higher capacity retention of
95.4 % than that of the pristine LMNCO (90.3%). Figure 3.4d compares cycling
performances of the two samples at a higher rate of 0.5 C. In this test, L@S core-shell
delivers a maximal capacity of ~ 183 mAh/g and retains ~ 153 mAh/g after 100 cycles, which
is much higher than that of pristine LMNCO giving ~125 mAh/g after 100 cycles. The
improvement in cycling performance and specific capacity herein can be ascribed to the

stabilizing effect of thin spinel phase coating, which not only helps to reduce the erosion
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from electrolyte under high voltage but also restrain the bulk LMNCO active-mass loss
during long cycling.

Figure 3.4e summarizes rate performances of pristine LMNCO and L@S cathodes at
various charge/discharge rates, namely 0.1 C, 0.2 C,0.5C, 1 C,2 Cand 5 Cat2.0-499 V
vs. Li/Li". It is found that pristine LMNCO shows a poor rate capability, with almost no
discharge capacity at 5 C though a good recovery to ~225 mAh/g when cycled back to 0.1 C.
On the contrary, L@S core-shell sample delivers initial discharge capacities of 126 mAh/g,
97 mAh/g and 37 mAh/gat 1 C, 2 C and 5 C, respectively; when cycled back to 0.1 C from 5
C, its discharge capacity reaches as high as 269 mAh/g, demonstrating an outstanding
electrochemical reversibility. Such enhanced rate performance is resulted from the following
factors. First, the spinel coating with excellent structural stability can effectively stabilize the
surface structure of LMNCO core, thereby reducing the erosion from the electrolyte and the
bulk active-mass lose. Second, the spinel coating facilitates fast Li ions diffusion from the
electrolyte to the layered LMNCO core. In addition, due to structural compatibility between
the layered LMNCO and spinel phase coating, L@S is expected to have high structural
stability. It is also noted that the L@S core-shell cathode needs more charge-discharge cycles
to reach its maximum capacity at 0.1 C than pristine LMNCO cathode. The reason for this
difference can be attributed to the relatively uniform spinel LisMngsNipsO;; coating at the
outer surface of the LMNCO core, which leads to the gradual electrochemical activation of
the Li,MnO; component in LMNCO core during the initial several cycles. As a result, L@S
core-shell composite cathode needs more electrochemical cycles to reach its maximum

capacity in comparison with the pristine LMNCO.

37



s04(a) s.04(b)
4.5 4.5
. 4.0 o —~ 4.0
s Pristine LMNCO S L@S core-shell
o @
o 3.5 o 3.54
S 8
g 3.0 >° 3.0
2.5 2.5
——1st cycle ——1st cycle
0] ——2ndcycle ——2nd cycle
.0 4 2.0
—— 3rd cycle —— 3rd cycle
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Specific Capacity (mAh/g) Specific Capacity (mAh/g)
3004 (€) 220 (d)
s '..0‘ aad e 0000, 000 00s000%0se & 200 4 o L@S core-shell
= 2504 ) = 4 —e— Pristine LMNCO
E .,p-"".- 2 £ 180 A
£ b E 160-' MM
2 200- £
& g 140
3 *  L@S core-shell g *
Q 1504 o pristine LMNCO o 1201
-4 -
s S 100
§ ]
g 100 o 80
” Current density: 25 mA/g =0.1 C 60 {Current density: 125 mA/g =0.5 C

T
[ 10 20 30 40 50 60 0 10 20 30 40 S50 60 70 80 90 100

Cycle Number Cycle Number
0.10 e
4.65'
w ! (€) (f)
s = Pristine LMNCO i 0.084 4.88V
®  L@S core-shell L@S core shell H
L
o M0 02C
] > = 0.06
% #"“'-n-. —— S
Sae <
< ——— 2> 0.04-
£ 0s¢ 3
g s B o 3 0.02-
8 i L z \
) 2 £ 0.00-
| W ste0se00 3 \
£ — o
2 -0.02 4
[ — 5 —1st cycle
Gasovetead
0.04 4 2nd cycle
i pm—— ~——3rd cycle
BRI N A A A N N WA P/ P R T S S
Cycle Number

Voltage (V)
Figure 3.4 Initial three charge/discharge curves of (a) pristine layered LMNCO, (b) L@S
core-shell heterostructured cathodes when cycled between 2.0 - 4.99 V vs. Li/Li" at a specific
current of 25 mA/g (0.1C). (c¢) and (d): Cycling performances of pristine LMNCO and L@
core-shell cathodes at 0.1 and 0.5 C, respectively. (e) Rate performances of pristine LMNCO
and L@S core-shell cathodes at various charge/discharge rates. (f) Cyclic voltammograms of
L@S core-shell cathode in the first three cycles at a scan rate of 0.1 mV/s in a voltage range
0f2.0-4.99 V vs. Li/Li".

Cyclic voltammetric (CV) measurements are then carried out to further explore
electrochemical characteristics of the core, shell, and core-shell materials. Fig. S2 presents

the first CV three cycles of pristine LMNCO and spinel LisMn4sNigsOj2, respectively, at a
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scan rate of 0.1 mV/s in the voltage range of 2.0 - 4.99 V. As for the CV curve of pristine
LMNCO (Fig. S2a), the first pair of redox peaks at 4.16/3.63 V in the first electrochemical
cycle corresponds to the redox reactions of Ni*"/Ni*" followed by Co>*/Co*", while Mn still
remains as tetravalent in LiMn;;3Ni;3Co,30; structure.[30, 31] The anodic peak at 4.67 V is
associated with decomposition of Li,MnO; to Li,O and Li-active MnO,, the unavoidable
decomposition of electrolyte and formation of solid electrolyte interphase (SEI) at such a
high potential above 4.5 V.[32] Such an electrochemical activation process of Li;MnO;
would result in high capacity of LMNCO via simultaneously losing oxygen irreversibly as
Li,0 and MnO,. Therefore, the cathodic peak at ~3.0 V becomes apparent after charging to
4.99 V and can be attributed to the redox reaction of Mn*"/Mn*" that may take place in the
electrochemical reaction after the Li,MnO; component is electrochemically activated. It is
also found that the anodic peak at 4.67 V in the first CV curve disappears in subsequent CV
cycles. Fig. S2b displays a typical CV curve of spinel LisMn4 sNipsO1,. It is clearly observed
that the 2" and 3™ curves of spinel LisMnysNigsO, are almost identical, indicating
outstanding electrochemical reversibility and structural stability during cycling over a wide
voltage range between 2.0 and 4.99 V vs. Li/Li" which is expected to be a promising surface
coating for pristine LMNCO. In the CV curves of LMNCO coated with spinel
Li4Mny4 sNip 5O (L@S core-shell) as shown in Figure 3.4f, it is found that the L@S core-
shell cathode shows a slightly better electrochemical reversibility than pristine LMNCO. The
redox peaks at 4.16/3.63 V are associated with oxidation of Co*"/Co*" redox only from
LMNCO core and Ni*"/Ni** redox from both LMNCO core and spinel LisMny4 sNigsO15 shell.
Interestingly, the above redox peaks from L@S core-shell show higher corresponding current
density than that of pristine LMNCO, probably attributed to the thin spinel coating that
reduces the erosion from electrolyte and transition-metal ion dissolution. It is also noted that

some peaks (pointed by arrows in the Figure 3.4f) and another extra peak at 4.88 V can be
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ascribed to the spinel phase coating, confirming the L@S core-shell heterostructure, which is

consistent with the XRD and TEM results.

3.4 Conclusions

In conclusion, we report simple and novel synthesis of L@S core-shell structured
electrode material via facile evaporation-induced self-assembly (EISA) of ultrafine
crystalline  LisMnssNipsOj, nanoparticles on the surface of Li-rich layered
Li[Lip2Mng 54Nig13C00.13]O; particles. This L@S core-shell cathode material demonstrates
significantly improved specific capacity, cycling performance and rate capability compared
to pristine Li-rich layered cathode. Due to structural and functional versatility of
nanoparticles, our study provides new insights into preparation of various core-shell

structures via EISA of nanoparticles for applications in LIBs or other energy-related fields.
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CHAPTER 4. ONE-STEP SOLVOTHERMAL SYNTHESIS OF SN
NANOPARTICLES DISPERSED IN TERNARY MANGANESE-NICKEL-COLBALT
CARBONATE AS SUPERIOR ANODE MATERIALS FOR LITHIUM-ION

BATTERIES*
4.1 Introduction

In the past decades, rechargeable lithium-ion batteries (LIBs) have been widely used
as energy storage devices for portable electronic devices. However, the increasing demand
for their emerging applications in hybrid electric vehicles (HEVs) and electric vehicles (EVs)
requires us to develop LIBs with higher energy density and power density [1,2]. However,
the theoretical capacity of common commercial graphite anode in current LIBs is only 372
mAh/g, limiting the energy and power of the LIBs [3]. Thus, it is imperative to explore
alternative anode materials with higher reversible capacity and better rate capability, as well
as long cycle life, low cost, and the potential for industrial scale production. In this context,
pure metallic Sn has attracted considerable attention as an anode materials for LIBs due to its
high theoretical specific capacity of ~994 mAh/g, corresponding to the formation of Li;Sns
[4,5]. Nevertheless, its practical application is limited because Sn experiences a dramatic
volume change of ~300% during the lithiation/delithiation processes, resulting in the
pulverization of electrodes and fast fading in capacity [6-8]. The severe aggregation of Sn
nanoparticles upon cycling also causes the capacity degradation of the Sn anode [9, 10].

In order to alleviate the problems mentioned above, two typical methods have been
reported in literature. One approach is to reduce Sn particle size to nanoscale to efficiently

mitigate the absolute strain induced by the large volume change during Li" insertion and

" This chapter previously appeared as Zhigiang Xie, Jianqing Zhao and Ying Wang, "One-step solvothermal
synthesis of Sn nanoparticles dispersed in ternary manganese-nickel-cobalt carbonate as superior anode
materials for lithium ion batteries", Electrochim. Acta, 2015, 174, 1023—1029. It is reprinted by permission of
Elsevier.
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extraction processes [8,11-15]. However, the cycleability remains an issue because the Sn
nanoparticles prefer to aggregate during cycling [9,16,17]. The other strategy is to design
nanocomposites containing Sn and stress-accommodating carbon matrixes [15,18-23]. A
variety of carbon matrixes have been used, such as amorphous carbon [23-28], ordered
mesoporous carbon (OMC) [17], graphite [25,29,30], singe-walled carbon nanotubes
(SWNTs) [31,32], multi-walled carbon nanotubes (MWNTs) [33-35], carbon nanofibers [36].
However, the synthesis process of most Sn/C composites mentioned above usually involve
multiple steps and high temperature annealing which are not practical for large scale
production for commercialization.

Recently, transition metal carbonates MCO3; (M=Mn. Co, Ni, etc.) as a new family of
anode materials in LIBs have been reported to have much higher reversible capacities than
graphite and better cycling performances than bare Sn [37-41]. In addition, these materials
can be synthesized using a cost-effective one-step low-temperature process without further
treatment [41,43,44]. The lithium storage mechanism of MCO; can be explained via a
reversible conversion reaction as follows [40]:

MCO; + 2Li" +2¢ <> M + Li,CO; (1)
Theoretical capacities of carbonate anodes can be calculated using the reversible reaction (1).
For example, theoretical capacities of MnCO3;, CoCO3 and NiCOs are determined as 466, 451
and 451 mAh/g, respectively. It is interesting to note that transition metal carbonates as anode
materials have always demonstrated much higher practical capacity than its theoretical value.
For example, Tirado’s group reported that submicron MnCOj; particles delivered an initial
reversible capacity of 750 mAh/g higher than its theoretical capacity of 466 mAh/g. The cited
authors ascribed the extra capacity to “non-faradic contribution” or “pseudocapacitance”
[39,44]. Recently, it was found that partial cobalt substitution in MnCO3 was favorable for

lithium storage and showed enhanced cycling performance at higher rates in comparison with
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pure MnCO; [45]. However, cycling performances of transition metal carbonates need
improvements for practical application in lithium ion batteries. For instance, it has been
found that MnCOj; submicrometric particles only retained ~450 mAh/g after 25 cycles due to
the low electronic conductivity of carbonates and large volume changes during repeated
cycles [44].

In this regard, our group has lately reported synthesis of a new ternary manganese-
nickel-cobalt carbonate Mngss Nig13 Cog13 (CO3)os (MNCCO;3;) via a one-step low-
temperature solvothermal route for application as LIB anode, which has demonstrated an
unexpectedly high initial charge capacity of 1173.1 mAh/g at a specific current of 25 mA/g.
When cycled at 250 mA/g, MNCCOs anode retains a final specific capacity of 434 mAh/g
after 100 electrochemical cycles [41], indicating a significantly enhanced cycling stability in
comparison with other pure carbonates or binary carbonates. However, due to the poor
electronic conductivity, cycling stability and rate performance of transition metal carbonates
are not sufficient for applications in new-generation LIBs.

In the present work, to combine all the merits and enhance electrochemical properties
of both Sn and ternary carbonate MNCCOs3, we design and synthesize a novel structure with
Sn nanoparticles well-dispersed in the microspheres of MNCCO;3 (Sn@MNCCOs3) using a
facile one-step solvothermal process. In this Sn@MNCCO; composite, both Sn and
MNCCO:s; provide a high reversible capacity. It is also expected that the well-dispersed Sn
nanoparticles will enhance the electronic conductivity of the overall electrode, while
MNCCOs serves as a matrix to buffer against the huge volume changes of Sn nanoparticles in
the composite. To the best of our knowledge, this work is the first effort to explore its lithium
storage performance for application as anode in lithium ion batteries. Moreover, Sn content
can be optimized for maximized battery performance. The Sn@MNCCO; composite with the

optimal 10 wt% Sn shows a highly reversible specific capacity, excellent cycling stability and
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significantly improved rate capability profiting from the synergic effect of the components in

the composite.
4.2 Experimental Section

4.2.1 Synthesis of bare Mnyg s4 Nig.13 C00.13 (CO3)0s and Sn@MNCCO;s composite

As reported in our previous work [41], base material Mngss Nig 13 Cog.13 (CO3)03
carbonates (denoted as MNCCOs3) were first synthesized using a solvothermal route. Six
mmol transition metal acetates (a molar ratio of Mn*": Ni*": Co®" = 0.54 : 0.13 : 0.13) were
dissolved in 10 ml ethylene glycol under continuous stirring at 40'C for half an hour,
followed by adding 22.5 mmol urea as the precipitant. Additional solvent was replenished to
form a 15 ml solution in total. Afterwards, the resultant solution was transferred into a 23 ml
Teflon container and placed within a sealed stainless steel autoclave. Heat treatment of the
autoclave was carried out in an oven at 200 °C for 20 hours. After cooling down to room
temperature, the resultant powders were centrifuged and washed with distilled water at least
three times and were collected after drying at 120 °C in vacuum overnight.

In order to obtain Sn nanoparticles embedded in Mny s4 Nig.13 Cog.13 (CO3)os (denoted
as Sn@MNCCOs;), different amount of Sn nanoparticles (60-80nm, US Research
Nanomaterials, Inc) ranging from 5 to 25 wt.% were directly added in the ethylene glycol
solvent together with transition metal acetates and urea for the same solvothermal process.
4.2.2 Material characterizations.

The morphology and size of the as-prepared composite materials were analyzed using
a FEI Quanta 3D FEG field emission scanning electron microscope (FESEM). The as-
prepared samples were also characterized by X-ray diffraction (XRD) using a Rigaku
MiniFlex X-ray diffractometer with Cu K, radiation at a scan rate of 2 min™. EDS mapping

has been acquired at L-edge of Sn.
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4.2.3 Electrochemical measurements

Electrochemical measurements of the anode materials were performed in the 2032
type coin cells with lithium metal as the counter electrode at room temperature. The anode
was prepared by coating a slurry of 70 wt.% active materials, 20 wt.% acetylene black
(conductive carbon, Alfa Aesar) and 10 wt.% polyvinylidene fluoride (PVDF, Alfa Aesar)
onto a Cu foil substrate. Prior to use, the electrodes were dried under vacuum at 120°C
overnight and then pressed to enhance the contact between the active materials and the
conductive carbon. The electrolyte was 1 M LiPFg dissolved in ethylene carbonate (EG),
dimethyl carbonate (DMC) and diethyl carbonate (DEC) at a volumetric ratio of 1:1:1. The
electrodes were assembled in an argon-filled glove box. Electrochemical performance of the
sample was tested at various C rates in a voltage range of 0.01-3.0 V using an 8-channel
battery analyzer (MTI Corporation). All the measurements were carried out at room

temperature and all potentials are given vs. the Li/Li" semi-couple.

4.3 Results and Discussion
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Figure 4.1 Schematic showing synthesis of Sn@MNCCO3 composite via a one-step
solvothermal process.

Figure 4.1 presents a schematic illustrating the one-step solvothermal synthesis of
Sn@MNCCO; composite. As reported in our previous work [41], due to the similar polarity

between ethylene glycol (EG) and acetate anions (CH3COQ") of transition metal precursors,
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EG-based solvothermal reaction can induce self-assembly of transition metal cations and
acetate anions, resulting in the final spherical structure of MNCCO3; mater. In this case, Sn
nanoparticles tend to be encapsulated within the spherical colloids formed by transition-metal
acetate precursors, in order to drastically reduce surface energy of the reactants. In the
subsequent co-precipitation process, decomposition of urea releases CO;” anions which then
react with M*" (M=Mn, Ni, Co) to produce a ternary manganese-nickel-cobalt carbonate
compound when treated at 200 °C for 20 hours in the autoclave, while Sn nanoparticles are
restricted within MNCCOj; spheres. As a result, the spherical structure of Sn@MNCCO;
composite is achieved, in which the Sn nanoparticles are dispersed throughout the MNCCOs3

matrix.

HV mag 8
M|ETD|20.0 kV | 8 006 x |10.5

Figure 4.2 SEM images of (a) bare MNCCO; and (b) 10Sn@MNCCO;s composite (the
composite with 10 wt.% Sn nanoparticles dispersed in MNCCOj3 matrix).

Figure 4.2a and b show typical SEM images of bare MNCCO; and Sn@MNCCO;
composites synthesized by the facile one-step solvothermal route. It is seen that bare
MNCCOs; is composed of relatively smooth solid spheres with a size from 2.5 um to 5 pm
and the composite Sn@MNCCO3; maintains the similar structure and morphology. However,
it is found that Sn nanoparticles are located on some of the external areas of Sn@MNCCOs,

possibly Sn nanoparticles tend to aggregate due to their high surface area.
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To identify the novel structure of Sn nanoparticles embedded in micro-meter spheres
of ternary manganese-nickel-cobalt carbonate, focused ion beam (FIB) milling and SEM
imaging were performed and then the cross-sectional elemental composition was analyzed by
EDS mapping. Figure 4.3a and b show the SEM images 10Sn@MNCCO; sample before and
after FIB milling. As seen in Figure 4.3b, part of a selected sphere (~4um) was removed by
FIB milling. The sample after FIB milling was tilted to further analyze the cross-sectional
feature (as shown in Figure 4.3c). Based on EDS mapping results, Mn, Ni, Co O and C
elements were distributed homogeneously in selected micro-meter spheres (as presented in
Figure 4.3d-h), revealing well-synthesized ternary carbonate matrix. It is worth noting that
Figure. 31 shows the Sn element also has a homogeneous distribution in the cross-section of
the selected micro-meter sphere, suggesting the well-dispersed Sn nanoparticles within the
ternary carbonate matrix. In addition, EDS mapping results show that ~9 wt.% of Sn exists in
the 10Sn@MNCCOs sample, which is close to its nominal amount. This novel structure of Sn
nanoparticles embedded in MNCCOs is expected to be a very promising anode material for
application in lithium ion batteries. The confinement of Sn nanoparticles inside the MNCCO;
matrix can counteract the huge volume expansion during charge and discharge processes,
which is one of the main reasons for leading to anode degradation and poor electrochemical

cycle life.
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Figure 4.3 SEM images of (a) 10Sn@MNCCO; before FIB milling, (b) sample after FIB
milling (marker shown here is used as a reference), (¢) sample at 52° tilt, (d-i) elemental
maps of Mn, Co, Ni, O, C and Sn, respectively.

Figure 4.4 shows XRD patterns of the as-prepared Sn@MNCCO;3; composites with
various amount of Sn nanoparticles and bare MNCCOs . All the major XRD peaks of bare
MNCCO:; can be indexed to rhodochrosite MnCOs3, but we notice the peaks have slight shifts
to the higher diffraction angle due to nominal cobalt and nickel substitutions. The XRD
patterns of SSn@MNCCO; and 10Sn@MNCCO; composites reveal, as main features, peaks
that can be indexed to rhodochrosite MnCO3 and metallic Sn, suggesting the formation of the

Sn@MNCCOs; heterostructures. However, with the increase of Sn amount from 15 to 25 wt.%
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in the composite, the strong peaks from SnO are evidenced as well, which can be explained
as follows. (7) The commercial Sn nanoparticles used in this work are not pure Sn but with a
low fraction of SnO, as indicated in the XRD result of bare Sn; (if) Sn particles that are not
embedded and protected inside MNCCO; microspheres may be oxidized to SnO due to

exposure to air during the sample handling.

MnCOg3 (JCPDS No. 44-1472)
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Figure 4.4 XRD patterns of (a) MNCCOs, (b) 5SSn@MNCCOs3, (c) 10Sn@MNCCOs, (d)
15Sn@MNCCOs3, (e) 25Sn@MNCCO;. The standard XRD peaks of MnCO3, metallic Sn and
SnO are also presented.

In order to study the effects of the amount of Sn loading on the electrochemical
performance of Sn@MNCCO; composites, Sn@MNCCO; /Li half cells are assembled to
investigate electrochemical performance in a voltage range of 0.01-3.0 V wvs. Li/Li" (see

details in experimental section). Figure 4.5a compares cycling performances of the as-
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prepared Sn@MNCCO;3 composites with various Sn loading amounts. For comparison
purpose, the as-received Sn nanoparticles and bare ternary carbonate MNCCO; are also
examined under the same conditions. Bare Sn nanoparticles show a high initial charge
capacity of 973 mAh/g, which is close to its theoretical capacity of 994 mAh/g, but rapid
capacity fading is observed due to the drastic volume changes upon cycling, thereby leading
to severe pulverization of Sn particles. Such poor cycleability of Sn has also been reported in
literature [9,10]. As for bare ternary manganese-nickel-cobalt carbonate MNCCOs, it delivers
an initial charge capacity of ~828 mAh/g, almost doubling its theoretical capacity of 461
mAh/g [41]. The extra electrochemical capacity may be attributed to non-faradic capacity [44]
and reversible formation/dissolution of gel-like polymer film on the surface of ternary
carbonate MNCCOs [42]. Additionally, it is found that Sn loading amount has a significant
effect on electrochemical performance of the as-prepared Sn@MNCCO; composite. It can be
seen that the composite with 10 wt.% Sn (10Sn@MNCCOs;) delivers the highest charge
capacity of ~560 mAh/g after 100 cycles, as the composite exhibits a significant
improvement in charge capacity with the increase of the Sn content from 5 to 10 wt.% and
then decreases dramatically with the Sn content increased from 15 to 25 wt.%. The initial
increase in the charge capacity can be expected due to the increased reaction between tin and
lithium. However, increasing Sn content beyond 10 wt.% may result in aggregation of Sn
nanoparticles outside MNCCO3 microspheres, leading to fast fading in capacity, which is
evidenced by the SEM results. It is noted that 10Sn@MNCCO; composite shows a final
charge capacity that is 176 mAh/g higher than that of bare MNCCOj after 100 cycles. The 10
wt.% Sn is expected to contribute a capacity of 99.4 mAh/g to the composite at most, since
the theoretical specific capacity of Sn is 994 mAh/g. Therefore, the enhanced electrochemical
performance is ascribed to the structure of Sn nanoparticles well dispersed in MNCCOs

microspheres, which is not only fully utilized to store lithium ions to provide higher capacity,
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but also offers better electronic conductivity to enhance cycling stability of MNCCOs

in the composite.
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Figure 4.5 (a) Cycling performances of Sn@MNCCO; composites with various Sn content

cycled at a specific current of 100 mA/g in a voltage window of 0.01-3.0 V vs. Li/Li". (b)

Cycling performances of 10Sn@MNCCO; (the composite with 10 wt.% Sn) obtained via

solvothermal method, 10Sn@MNCCO3-PM (physical mixture of MNCCO; and 10 wt.% Sn),

and the base material MNCCOs. (¢) Charge and discharge profiles of 10Sn@MNCCOs3

composite in the first three cycles at a specific current of 100 mA/g. (d) Rate performances of

10Sn@MNCCO; and bare MNCCOs at various specific currents.
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To further explore the effectiveness of the one-step solvothermal synthesis of
Sn@MNCCO; composite, the sample with 10 wt.% Sn physically mixed with base material
MNCCO; (10Sn@MNCCOs—PM) is electrochemically evaluated under the same conditions
for comparison purpose, and its cycling performance is presented in Figure 4.5b. The sample
of 10Sn@MNCCO;3-PM exhibits a higher charge capacity than the base material MNCCOs,
but rapid capacity fading is observed and shows a similar cycling performance with the base
material MNCCOj after 60 cycles, retaining 524 mAh/g after 50 cycles and 386 mAh/g after
100 cycles. In contrast, 10Sn@MNCCOs; synthesized via a solvothermal approach displays
much better cycling stability and capacity retention (657 mAh/g after 50 cycles, 560 mAh/g
after 100 cycles), suggesting that Sn nanoparticles well dispersed in MNCCO3 microspheres
via a facile solvothermal route leads to better utilization of Sn nanoparticles for the enhanced
electrochemical performance compared to the simple physical mixture.

Figure 4.5¢ shows typical charge/discharge profiles of the as-prepared
10Sn@MNCCO; composite in the initial three cycles at a specific current of 100 mA/g. The
10Sn@MNCCO; composite displays high initial discharge and charge capacities of ~1700
mAh/g and ~929 mAh/g, respectively. The large irreversible capacity loss in the first cycle is
mainly attributed to the formation of the solid-electrolyte interphase (SEI) film on the surface
of the electrodes. However, the improved reversibility is observed in subsequent second and
third cycles. In addition to cycleability, the rate performance of 10Sn@MNCCO;3; composite
is investigated as well. Figure 4d shows the distinctly enhanced rate performance compared
to bare MNCCOs. As we can see in Figure 4.5d, the charge capacity of 10Sn@MNCCO;
decreases from a value of 991 mAh/g when cycled at 50 mA/g to 64 mAh/g at 2000 mA/g
with the increasing specific current. When the specific current returns from 2000 mA/g to 50
mA/g, 10Sn@MNCCO; retains a high capacity of 791 mAh/g, indicating the outstanding

electrochemical reversibility.
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To further explore electrochemical reactions during charge/discharge cycling, cyclic
voltammograms (CV) of the Sn@MNCCO; composites with various Sn amounts, MNCCOs
and bare Sn anodes are presented in Figure 4.6. As shown in Figure 4.6a, there are two
narrow reduction peaks and two broad oxidation peaks in the first cycle for the bare
MNCCO:s. The first narrow reduction peak occurs at ~0.8 V, corresponding to the electrolyte
decomposition and formation of solid electrolyte interface (SEI) film on the surface of bare
MNCCO; anode [19,21]. The second broad reduction peak below 0.5 V can be ascribed to
the combined effects from formation of the SEI film, reduction of transition metal ions (M*",
M=Mn, Co and Ni) to metallic M” and discharge reaction of the as-formed gel-like polymer
on the surface of the carbonate anode [42]. It is found that the current intensity of this peak
considerably deceases in subsequent cycles, which can be attributed to the fact that the SEI
film mainly grows in the initial discharge. Correspondingly, the oxidation peaks centered on
~1.50 V can be attributed to oxidation of metallic transition metal M° and charge reaction of
gel-like polymer, respectively [42]. Figure 4.6f shows the typical CV curves of bare Sn
nanoparticles. The reduction peaks at ~0.30 and 0.60 V can be ascribed to the alloying
reaction between lithium and Sn, and four separated oxidation peaks occur at 0.40-0.90 V,
which are associated with the extraction of Li from Sn [46]. For the 10Sn@MNCCOs
composite (as shown in Figure 4.6¢), the first broad reduction peak in the first CV cycle is
shown in the range of 0.01 - 0.8 V, which may be attributed to the formation of SEI film on
the surface of anode and lithium alloying reaction in tin nanoparticles (LiSn). Due to the
overlapping of these steps, they are not distinguishable in the related CV peaks. The second
broad reduction peak occurs at 1.25 V, corresponding to reduction of transition metal ions
(M*", M=Mn, Co and Ni) to metallic state M°. Whereas, two broad oxidation peaks occur at
0.65 and 1.45 V, corresponding to delithiation of LixSn alloys and oxidation of M°,

respectively. For comparison purpose, the CV curves of SSn@MNCCO; 15Sn@MNCCOs
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and 25Sn@MNCCO:s are also presented in Figure 4.6b, d and e. It is found that the oxidation

peak at ~ 0.65 V becomes stronger gradually with the increase of Sn amount from 5 to 25 wt.%

in composites, which is in good accordance with the XRD results.
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Figure 4.6 Cyclic voltammograms of (a) bare MNCCOs, (b) 5SSn@MNCCO; (the composite
with 5 wt.% Sn), (¢c) 10Sn@MNCCOs, (d) 15Sn@MNCCOs, (e) 25Sn@MNCCOs, and (f)

bare Sn in the first three cycles at a scan rate of 0.1 mV/s.
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The enhanced electrochemical performance of 10Sn@MNCCO; composite can be
attributed to its unique structure of Sn nanoparticles well dispersed within the ternary
carbonate matrix. First, both Sn and ternary carbonate MNCCOj; possess high reversible
capacities, which are combined to result in a high capacity for the 10Sn@MNCCOs3
composite. Second, MNCCO3 matrix can efficiently buffer against the huge volume changes
of metallic Sn particles, ensuring Sn can be fully utilized for lithium storage. Finally, well-
dispersed Sn nanoparticles in the composite have a high electronic conductivity, and thus
help to preserve the good electrical contact of the overall electrode during electrochemical

cycling, leading to the enhanced rate performance.

4.4 Conclusions

We report facile one-step low-temperature synthesis of novel Sn@MNCCO;
composite with tin nanoparticles well dispersed in ternary manganese-nickel-cobalt Mny s4
Nig13 Cop13 (COs3)ps. It is found that Sn content can be optimized for maximized
electrochemical performance of the composite. With the optimal 10 wt.% Sn content, the
Sn@MNCCO; composite demonstrates excellent electrochemical properties such as a high
initial charge capacity of 929 mAh/g at a specific current of 100 mA/g, as well as improved
cycling stability and rate capability in comparison with bare ternary carbonate MNCCOs3,
bare Sn nanoparticles, and physical mixture of MNCCO; with 10 wt.% Sn, due to enhanced
electronic conductivity caused by Sn and more flexible volume change during Li ion
intercalation/deintercalation processes provided by the carbonate matrix. Therefore,
Sn@MNCCO; composite is a promising alternative anode material for application in new-

generation high-performance lithium ion batteries.
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CHAPTER 5. HIERARCHICAL SANDWICH-LIKE STRUCTURE of ULTRAFINE
N-RICH POROUS CARBON NANOSPHERES GROWN ON GRAPHENE SHEETS

AS SUPERIOR LITHIUM-ION BATTERY ANODES*
5.1 Introduction

Lithium-ion batteries (LIBs) have been widely used as power sources in portable
electronics.[1-3] Nevertheless, the ever-increasing demands for emerging applications in
portable electronics and electric vehicles (EVs) are driving the development of LIBs with
higher energy density and power density as well as longer cycling life. As one of the
commercially available anode materials, graphite is the most common one but still exhibits
some drawbacks such as a low theoretical capacity of 372 mAh g' and distinctly poorer
electrochemical performances at higher charge-discharge rates, which is far from satisfactory
for meeting the needs of high-energy high-power LIBs.[3,4] Thus, it is imperative to explore
alternative carbonaceous electrode materials with larger capacity, improved cycling stability,
better rate performance, and the potential for industrial scale production.

To develop high-performance carbonaceous electrode materials for new-generation
LIBs, one strategy is to design and synthesize a novel nanostructure with the following
features: (i) large surface area with abundant active sites to facilitate Li-ion storage
capacity,[5-7] (if) high porosity for enhanced charge transport, thereby resulting in improved
rate capability,[8-10] (ii7) excellent structural stability and electronic conductivity to promote
rapid charge transfer with prolonged cycle life,[11,12] and (iv) heteroatom N or S doping to
manipulate electronic and electrochemical properties and increase number of available active

sites for Li-ion storage.[13-15] To achieve these, many new carbonaceous anode materials

" This chapter previously appeared as Zhiqiang Xie, Ziyang He, Xuhui Feng, Wangwang Xu, Xiaodan Cui,
Jiuvhong Zhang, Cheng Yan, Moises A Carreon, Zheng Liu, and Ying Wang, "Hierarchical sandwich-like
structure of ultrafine N-rich porous carbon nanospheres grown on graphene sheets as superior lithium-Ion
battery anodes", ACS Appl. Mater. Interfaces, 2016, 8, 10324—10333. It is reprinted by permission of American
Chemical Society.
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with various nanostructures have been evaluated for lithium storage and demonstrated
significantly improved performance compared to commercial graphite anodes, such as
heteroatom-doped graphene sheets,[12] micro/nanoporous carbon,[16] hollow carbon
spheres,[17] carbon nanofibers,[18] and carbon nanobeads.[19] In spite of these efforts, few
have sought to satisfy all the aforementioned features simultaneously since most
carbonaceous materials have low electrical conductivity and poor structural stability when
cycled at high charge/discharge rates as well as limited active sites for effective Li-ion
storage. Therefore, the lithium storage capability and rate performance of carbonaceous
anodes still need improvements. By introducing more available active sites for lithium
storage, incorporation of nitrogen into carbon has proven to significantly enhance both
electronic conductivity and electrochemical reactivity of carbon-based anode materials,
resulting in improved performance in LIBs and other energy applications.[13-15,35,36]
However, the synthesis of N-rich carbonaceous nanostructures reported previously usually
involve tedious processes such as complex chemical reactions, chemical vapor deposition
(CVD),[20] thermal annealing with ammonia,[21] and/or various template-based approaches,
which are expensive and time-consuming, and thus limit their practical applications for
industrial scale production. Because of these trade-offs, design and synthesis of highly porous
N-rich carbonaceous anode materials with superior electrical conductivity remain a big
challenge.

Metal organic frameworks (MOFs) are a family of crystalline materials with
inorganic-organic hybrid structure and have been widely studied for gas separation,[22]
sensors,[23] catalysis,[24] owing to their large pore volumes and extremely high specific
surface areas. Recently, MOFs have attracted much interest for the applications in LIBs and
have proved to be promising precursors for constructing various nanostructured

electrodes.[25-28] For instance, Yue et al. reported cubic mesoporous Co-ZnO@C via
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pyrolysis of Co-doped MOF-5, showing a reversible capacity of 725 mAh g™ after 50 cycles
at a specific current of 100 mA g'].[26] Han et al. used direct carbonization at 800°C under
inert atmosphere to fabricate ZIF-8@chitosan composites, which exhibit a specific capacity
of 750 mAh g after 50 cycles at a specific current of 50 mA g™'.[27] Hou et al. reported a
C0304/N-doped carbon hybrid with dodecahedrons structure that delivers 892 mAh g™ after
100 cycles at a specific current of 100 mA g"'.[28] Nevertheless, due to the unavoidable
breakdown inside the crystalline MOFs and relatively large crystal size ranging from 250 to
500 nm, these MOFs-derived N-doped carbon matrices still exhibit poor structural stability
and low electronic conductivity, and thus result in significant capacity fading over prolonged
cycling in LIBs.

Herein, to achieve carbonaceous anode material with all the merits of hierarchically
porous structure, superior excellent conductivity and high-level nitrogen doping, we present a
in situ synthesis approach to obtain sandwich-like, graphene-based porous nitrogen-doped
carbons (PNCs@Gr) via facile pyrolysis of zeolitic imidazolate framework (ZIF-8)
nanocrystals grown on graphene oxide (GO) (ZIF-8@GO), for application as a high-
performance anode material in LIBs. We selectedZIF-8 as a suitable carbon precursor to
yield in situ N-doped porous carbon due to its high N content of ~34 wt%, large porosity and
high specific surface area, and meanwhile GO serves as a structure-directing agent and
potential platform for nucleation, growth and stabilization of ZIF-8 nanocrystals. Due to
insufficient surface functional groups of GO, the amide carbonyl groups of
poly(vinylpyrrolidone) (PVP) can be utilized to enrich the functional groups of GO, which
might be beneficial for the uniform growth of ZIF-8 nanocrystals on the GO sheet. During
subsequent carbonization process, ZIF-8 nanoparticles are transformed to N-rich porous
carbon nanospheres, meanwhile GO is thermally reduced to highly conductive graphene.

Finally, the sandwich-like PNCs@Gr nanostructure with high porosity, superior electrical
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conductivity and rich nitrogen content is successfully synthesized and will thus boost
electrochemical performance in LIBs, due to synergic effects of the highly desirable
properties. As a result, the sandwich-like PNCs@Gr electrode demonstrates remarkable
capacities, outstanding rate performances, as well as cycling stability that are better than most

carbonaceous anode materials reported previously.

5.2 Experimental Section

5.2.1 Preparation of ZIF-8

ZIF-8 crystals were synthesized by mixing 0.81 g of 2-methyimidazole with 25 ml of
methanol. To this solution, 0.7 g of Zn(NOs3),-:6H,O and 25 ml of methanol were added. .
Afterwards, the mixed solution was stirred for 5 h. Finally, the solid was collected by
centrifuging the mixture at 3000 rpm for 10 min followed by washing with methanol for three
times. The collected solid was dried at 75°C overnight before using.
5.2.2 Synthesis of ZIF-8@GO

Synthesis of ZIF-8@GO was carried out based on a modified approach from
literature.[31] Typically, one gram of the as-prepared graphene oxide solution (8 mg mL™)
was dispersed in methanol solution containing 50 mg of PVP, by sonication and stirring.
Then 5 ml of Zn(NOs),:6H,0 of methanol solution and 5 ml of 2-methyimidazole were
separately added into GO/PVP solution (40 ml) and the mixed solution was kept for 5 h at
room temperature. Afterwards, the product was collected by centrifuging at 3000 rpm for 10
min followed by washing with methanol for three times. After freeze drying, the final product
(ZIF-8@GO) was obtained.
5.2.3 Synthesis of PNCs@Gr

The as-synthesized ZIF-8@GO was heated at 700°C for 5 h under N, using a ramp
rate of 2°C/min. For comparison purpose, bare PNCs was prepared by facile pyrolysis of the

as-synthesized ZIF-8 sample under the same condition.
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5.2.4 Material characterizations

Powder X-ray diffraction (XRD) was carried out using a Rigaku MiniFlex X-ray
diffractometer with Cu Ka radiation. XRD Data was collected in the range of 5°'<26<90° at a
scan rate of 2°min. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were performed using a FEI Quanta 3D FEG FIB/SEM dual beam
system. The nanostructures of the samples were investigated by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) using a JEM-2010 instrument
microscope operating at 200 kV. X-ray photoelectron spectroscope (XPS) was performed
using an AXIS 165 spectrometer and a twin-anode AlKa X-ray source. Thermogravimetric
(TG) analysis was carried out using an SII STA7300 analyzer at a ramp rate of 1 °C/min
under N; atmosphere. Brunauer-Emmett-Teller (BET) measurements were conducted using
Quantachrome Instruments Autosorb-1Q with extra-high pure gases. Raman spectroscopy
was carried out by confocal Raman system in air ambient environment (WITEC alpha300 R)
with 532nm diodes laser.
5.2.5 Electrochemical Measurements

The working electrodes in this work were studied by integrating into 2032-type coin
cells for various electrochemical measurements at room temperature. Within the coin cells,
the lithium foil works as the counter electrode and all the coin cells were assembled in a
glove box filled with argon. In a typical fabrication procedure of electrodes, 80 wt% PNCs or
PNCs@Gr powders, 10 wt% conductive carbon (acetylene black, Alfa Aesar, 99.5%), and 10
wt% polyvinylidene fluoride (PVDF, Alfa Aesar) binder were first dissolved into 1-methyl-3-
pyrrolidone (NMP) to form a homogeneous slurry, which was then uniformly coated on
copper foils. Afterwards, the coated copper foils were dried in vacuum at 120°C for a day.
The commercial electrolyte for LIBs was used to construct the battery cells. Typically, 1 M

LiPFs was dissolved in ethylene carbonate (EG)/ dimethyl carbonate (DMC)/diethyl
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carbonate (DEC) (1:1:1, v/v/v). Electrochemical performances of the as-prepared electrodes
were evaluated at various current rates by using an 8-channel battery analyzer (MTI
Corporation). Cyclic voltammetric (CV) measurements were carried out using a CHI605C

electrochemical analyzer at a scanning rate of 0.1 mV/s.

5.3 Results and discussion

A scheme showing the facile and scalable route for synthesizing PNCs@Gr in this
work is presented in Figure 5.1. First, GO i1s modified with PVP in the solution, since many
previous studies have reported that PVP working as surfactant can be absorbed onto the
surface of graphene oxide sheets and then help to achieve good dispersion of graphene oxides
by lowering their surface energy. In addition, amide carbonyl groups of PVP and oxygen
functional groups of GO may coordinate with Zn ions and promote the uniform growth of
ZIF-8 crystals on graphene oxide sheets. Next, the sandwich-like ZIF-8@GO sheet was
transformed into the PNCs@Gr by direct pyrolysis in N, atmosphere at 700°C. During this
process, organic ligands (2-methylimidazolate) from ZIF-8 nanocrystals are carbonized,
meanwhile part of nitrogen species and the carbon-reduced zinc metal vaporize away due to
instability of nitrogen species at high temperature and low melting point of zinc.[30,31]
Within this unique nanostructure, both porous N-doped carbon nanoparticles and graphene
sheets not only serve as highways for fast electron transport, but also facilitate fast mass
transport at electrode/electrolyte interfaces. Therefore, it is expected that the sandwich-like,

graphene-based PNCs@Gr nanostructure will boost the electrochemical performance in LIBs.
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Figure 5.1 Scheme showing the synthetic route for preparing the sandwich-like PNCs@Gr
nanostructure.

Figure 5.2a and b show powder X-ray diffraction (XRD) patterns of the as-
synthesized samples, namely, ZIF-8, ZIF-8@GO, bare PNCs and sandwich-like PNCs@Gr
nanostructure. Before carbonization, the main diffraction peaks can be readily indexed to
crystalline ZIF-8 and no noticeable difference is observed between ZIF-8 and ZIF-8@GO
from the XRD patterns, since the main peak of ZIF-8 (112) almost overlaps with the main
peak (001) of GO at 20 =12.5°. After carbonization, ZIF-8 and ZIF-8@GO transform to
PNCs and PNCs@Gr. The XRD patterns change significantly with the main peak occurring
at around 25° corresponding to the (002) reflection of graphite. The broad low-intensity peaks
imply that the PNCs and PNCs@Gr have low degree of graphitization, which is consistent
with previous reports of other carbonaceous materials.[30-34] It is also found that Zn
diffraction peaks are not present in the XRD patterns of both PNCs and PNCs@Gr,
indicating that carbon-reduced Zn metal with low melting point (419.5°C) may have been
vaporized away during the carbonization process at 700°C. The thermo-gravimetric analysis

(TGA) result of pristine ZIF-8 sample. It can be seen that the ZIF-8 sample starts to
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decompose at around 550°C, indicating a good thermal stability, which is beneficial for being
a suitable carbonization precursor, since severe vaporization at high temperature can be
avoided, thereby improving the yield of final products. As shown in Fig. S2, the Raman
spectra of the ZIF-8@GO and sandwich-like PNCs@Gr structures reveal two characteristic
peaks at 1352 and 1590 cm™, which are attributed to the D band and G band of graphitic
structure. Notably, the Ip/lg value of PNCs@Gr (Ip/Ig=0.99) is higher than ZIF-8@GO
(In/Ig=0.94), demonstrating the formation of abundant defects and disordered carbon during
the carbonization process.[25]

The lithium storage properties of N-doped carbonaceous anode materials highly
depend on the doped nitrogen type and doping amount. Therefore, X-ray photoelectron
spectroscopy (XPS) measurements of pristine ZIF-8 and bare PNCs are performed. As can be
seen in Figure 5.2c-d, after carbonization, the high-resolution spectrum of N 1Is is
deconvoluted into three different peaks, namely, pyridinic N (398.3 + 0.2 eV), pyrrolic N
(399.8 £ 0.2 eV), and quaternary N (400.8 = 0.3 eV). This phenomenon indicates successful
doping of nitrogen into the resultant porous carbon during the carbonization process of N-
containing organic ligands, which is consistent with previous report.[31] According to the
literature,[35] electronic conductivity of carbonaceous materials can be significantly
increased mproved by nitrogen doping, resulting in improved charge transfer at the interface,
which are highly desirable for electrodes in LIBs. Furthermore, it is believed that the presence
of nitrogen dopants introduces more defects and thus offers more available active sites to

enhance the Li-ion storage properties.[36]
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Figure 5.2 XRD patterns of (a) ZIF-8 and ZIF-8@GO before carbonization and (b) bare
PNCs and sandwich-like PNCs@Gr nanostructure after carbonization. High-resolution
spectrums of the N 1s XPS peaks of (¢) ZIF-8 and (d) bare PNCs. (e) Nitrogen adsorption-
desorption isotherms of bare PNCs and sandwich-like PNCs@Gr nanostructure. (f) Pore size
distribution (PSD) of PNCs@Gr.

To further examine the porous structure of bare PNCs and PNCs@Gr, N; adsorption-
desorption isotherms are performed to determine their specific surface area (SSA) and
corresponding pore size distribution (PSD). As shown in Figure 5.2e, bare PNCs display a

typical type-1 isotherm showing a slight step over the relative pressure from 0.9 to 1.0,
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revealing a large portion of micropores, probably due to the inheritance of highly porous ZIF-
8. Nevertheless, the sandwich-like PNCs@Gr shows a typical type-IV curve exhibiting a
pronounced hysteresis loop. The high N, adsorption at the relative low pressure reveals the
high microporosity, while the hysteresis loop indicates some portion of mesopores exist
within the sandwich-like structure. The mesopores may originate from the evaporation of Zn
during the carbonization process and likely stacking between sandwich-like PNCs@Gr.
Figure 2f shows the pore size distribution (PSD) of sandwich-like PNCs@Gr, revealing both
micropores are peaked at 0.77 and 1.40 nm and mesopores are peaked at 3.05 and 3.80 nm
based on the Density Functional Theory (DFT) analysis. The appropriate proportion of
micropores guarantees its high SSA and mesopores are preferable for electrolyte penetration
and Li-ion transport, and thus are extremely favorable for both high energy density and high
rate performance in LIBs. Furthermore, thanks to the abundant micro- and mesopores, the
specific surface area (SSA) of PNCs@Gr reaches as high as 872 m” g, while that of bare
PNCs is only 508 m” g, as revealed by the Brunauer-Emmett-Teller (BET) measurements.
Owing to the severe restacking of graphene sheets, the pristine rGO or graphene obtained via
thermal annealing of GO proves to possess low SSA of below 100 m? g”',[37] which is
significantly lower than theoretical SSA value (2630 m” g") of graphene without any overlap
of sheets. Therefore, such a significant improvement in the SSA of sandwich-like PNCs@Gr
is mainly attributed to synergic effects of components in this hybrid, whereas the likely
agglomeration of PNCs and severe restacking of graphene sheets can be effectively addressed
by this hierarchical nanostructure design. The larger surface area of PNCs@Gr is anticipated
to offer more active sites for lithium ion storage, thus leading to improved specific capacity

and enhanced rate capability compared to bare PNCs.
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Figure 5.3 SEM images of (a, b) bare PNCs, (¢, d) ZIF-8@GO and (e, f) sandwich-like
PNCs@Gr nanostructure.

Figure 5.3 displays SEM images of bare PNCs, ZIF-8@GO and sandwich-like
PNCs@Gr. As shown in Figure 5.3a and b, bare PNCs consist of numerous nanoparticles
(~200 nm in diameter) with rough surfaces and severe agglomeration is also observed.
Interestingly, Figure 3c and d reveal that ZIF-8@GO sample preserves the sheet-like
morphology of micrometer-sized GO, in which polyhedron-like ZIF-8 nanocrystals are
uniformly grown on the GO surface and their average diameter is approximately 150 nm. As
shown in Figure 53¢ and f, the PNCs@Gr sample demonstrates that the sheet-like
morphology is well preserved after direct carbonization of ZIF-8@GO at 700°C. Moreover, it
is observed that most PNCs in the composite of PNCs@Gr are composed of ultrafine
nanoparticles (~20 nm), likely owing to partial decomposition of ZIF-8 during the

carbonization process.
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Figure 5.4 (a) SEM image of the sandwich-like PNCs@Gr nanostructure, and (b-d)
corresponding elemental mapping results.

The composition of sandwich-like PNCs@Gr nanostructure is further analyzed by
energy dispersive spectroscopy (EDS) elemental mapping. As revealed in Figure 5.4a-d,
carbon, nitrogen, and oxygen elements are homogeneously distributed, suggesting that the
PNCs derived from ZIF-8 are dispersed uniformly on the graphene sheet, and thus form a
sandwich-like nanostructure. Furthermore, due to the evaporation of Zn during the
carbonization process, we barely observe Zn element distribution from elemental mapping
results. In addition, the PNCs@Gr sample contains 21.5 wt% nitrogen, which is significantly
higher than most of previously reported N-doped carbonaceous materials in LIBs.[5,16,40,44]

TEM characterization was also performed for better visualization of ZIF-8@GO and
PNCs@Gr, as displayed in Figure 5.5. As can be seen in Figure 5.5a and b (TEM images of
ZIF-8@GO at different magnifications) that ZIF-8 nanoparticles are homogeneously grown

on GO sheets, which is in good agreement with the SEM observations. In addition, the HR-
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TEM image of ZIF-8@GO in Figure 5.5c reveals a very small area of exposed GO at the
edges, confirms the existence of GO in the sample and the sandwich-like structure of ZIF-
8@GO. After carbonization, Figure 5.5d-e reveal that PNCs@Gr displays apparently porous
feature and preserve the sandwich-like morphology of ZIF-8@GO. The inset of Figure 5d
shows the corresponding selected area electron diffraction (SAED), indicating the amorphous
nature of PNCs@Gr, which is supported by the XRD result above. Finally, the HRTEM

image in Figure 5.5f confirms the existence of graphene in the composite.

Figure 5.5 (a, b) TEM images of ZIF-8@GO at different magnifications, and (¢) HRTEM
image of ZIF-8@GO. (d, ¢) TEM images of the sandwich-like PNCs@Gr nanostructure at

different magnifications, and (f) HRTEM image of PNCs@Gt.
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Figure 5.6 Cyclic voltammetry curves of (a) sandwich-like PNCs@Gr and (b) bare PNCs at a
scan rate of 0.1 mVs™.

To evaluate lithium storage properties of the as-prepared bare PNCs and sandwich-
like PNCs@Gr samples, various electrochemical measurements are performed. Cyclic
voltammetry (CV) curves of bare PNCs and sandwich-like PNCs@Gr electrode are recorded
between 0.01 and 3.0 V vs. Li/Li’, as shown in Figure 5.6. Both bare PNCs and PNCs@Gr
display typical CV characteristics of carbon-based anodes. However, it should be noted that
the redox peaks from the PNCs@Gr electrode show obviously higher specific current than
that of bare PNCs, likely resulted from the enhanced electrical conductivity and

electrochemical reactivity of the electrode.
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Figure 5.7 Electrochemical characterizations of bare PNCs and sandwich-like PNCs@Gr
electrodes. (a, b) Cycling test of bare PNCs and sandwich-like PNCs@Gr electrodes at 500
mA g’ and 1A g-1, respectively. (¢) Cycling performance of the sandwich-like PNCs@Gr
electrode at 5 A g for 400 cycles and (d) corresponding Columbic efficiency. (e) Rate
capability of bare PNCs and sandwich-like PNCs@Gr electrodes cycled at various specific
currents ranging from100 mA g-1 to 6 A g-1. (f) Nyquist plots of bare PNCs and sandwich-

like PNCs@Gr electrodes.
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The cycling performances of both PNCs and PNCs@Gr are also evaluated at specific
currents of 500 mA g’ and 1 A g™, respectively. To activate the electrodes, a specific current
of 100 mA g is initially used for the first three cycles during the cycling performance. As
revealed in Figure 5.7a-b, the PNCs@Gr anode shows an outstanding cycling performance
and a high reversible capacity. At a specific current of 500 mA g, the PNCs@Gr maintains a
much higher reversible capacity of 1070 mAh g than that of bare PNCs (441 mAh g™) after
100 cycles, showing a significant improvement of capacity by 629 mAh g. Even at a higher
specific current of 1 A g, the PNCs@Gr can remain a high reversible capacity of 948 mAh
g after 200 cycles, which is approximately 97.7% of the 4 cycle, while the capacity of bare
PNCs is only 291 mAh g”'. More importantly, when the specific current reaches 5 A g™, the
sandwich-like PNCs@Gr nanostructure retains a specific capacity of 530 mAh g after 400
cycles, demonstrating a capacity retention of as high as 84.4%, as shown in Figure 5.7c. In
addition, as shown in Figure 5.7d, upon prolonged cycling, the Columbic efficiency of
PNCs@Gr is increased to above 99% after initial several cycles, demonstrating its excellent
electrochemical reversibility. It i1s noted that electrochemical performances of PNCs@Gr
exceed most previously reported carbon-based materials[16,18,38-45] and recently reported
MOF-derived anode materials for LIBs. [16,18,27-29,39-52] Such remarkable improvements
of specific capacity and long-term cycling stability are attributed to the following factors.
First, in the sandwich-like PNCs@Gr nanostructure, highly desirable combination of micro-
and mesopores and ultrafine carbon nanospheres (~20 nm) embedded on the graphene
surface offer larger surface area (872 m* g”') in comparison with bare PNCs (508 m* g), and
thus not only result in large electrode/electrolyte interface to effectively store lithium ions,
but also facilitate fast charge transfer. Second, the highly conductive, mechanically strong
and flexible graphene not only improve electronic conductivity of the whole electrode, but

also help reduce agglomeration and collapse of structure upon long-term cycling, resulting in
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excellent structural stability and superior cycling performance. Finally, the high-level
nitrogen doping is believed to further enhance both electronic properties and electrochemical
reactivity of PNCs@Gr electrode via introducing defects and more available active sites for
lithium storage.

Notably, the PNCs@Gr anode also shows superior rate capability at various specific
currents from 100 to 6000 mA g'. As displayed in Figure 5.7e, the reversible capacities of
PNCs@Gr are 1378, 1228, 1070, 984, 915, 854 and 647 mAh g at 100, 200, 400, 600, 800,
1200 and 4000 mA g, respectively. Even at 6000 mA g, the reversible capacity of
PNCs@Gr remains 412 mAh g'. More importantly, when the specific current returns back to
100 mA g, the specific capacity can be recovered to 1432 mAh g, demonstrating its
outstanding reaction reversibility and cycling stability. However, bare PNCs anode shows
much lower reversible capacities of 797, 692, 550, 508, 451, 421, 277 and 123 mAh g'1 when
cycled at 100, 200, 400, 600, 800, 1200, 4000 and 6000 mA g'l, respectively. The superior
rate capability of the sandwich-like PNCs@Gr electrode is ascribed to its hieratical
nanostructure, in which graphene significantly improves electrical conductivity of the
electrode, and ultrafine carbon nanospheres offer shorter transport length of lithium ions and
better stability when cycled at higher charge/discharge rates, thereby resulting in considerable
improvement in rate capability compared to bare PNCs. Therefore, it can be concluded that
the PNCs@Gr anode exhibits superior rate capability, significantly improved cycling stability
and reversible capacity compared to bare PNCs.

To further understand the origin of superior rate capability of sandwich-like
PNCs@Gr anode, electrochemical impedance spectra (EIS) is carried out to investigate
electrochemical kinetics occurring at the electrode/electrolyte interfaces and Li-ion
intercalation/deintercalation within electrode materials in the battery cells. As seen in Figure

5.7f, the Nyquist plots of bare PNCs and PNCs@Gr shows a slanted line in the low-
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frequency region and a depressed semicircle in the medium-frequency region. It is observed
that the electrode of sandwich-like PNCs@Gr nanostructure shows a charge transfer
resistance of 30 €, which is much lower than that of bare PNCs (100 ), indicating a
significantly enhanced charge transfer within the whole electrode.

Figure 5.8a shows the initial three cycles of the PNCs@Gr electrode at 100 mA g
from the rate performance testing. Typical charge/discharge profiles are consistent with N-
doped carbonaceous anodes for LIBs.[5,16] It is observed that a large irreversible capacity
loss occurs in the initial cycle, attributed to the unavoidable decomposition of the electrolyte
and formation of the solid-electrolyte interphase (SEI) film.[25] Such observation is
consistent with the CV results in Fig. 6, in which the cathodic peaks disappear in the 2™ and
31 cycles. The charge/discharge curves of the PNCs@Gr electrode cycled at various rates are

also displayed in Figure 5.8b.
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Figure 5.8 Charge-discharge profiles of the sandwich-like PNCs@Gr electrode (a) cycled at
100 mAg™ (the initial three cycles from rate capability testing) and (b) cycled at various rates.

The super high capacity, significantly enhanced rate capability, and excellent cycling
performance of sandwich-like PNCs@Gr nanostructure are ascribed to their novel
nanostructure and desirable nitrogen doping. In its synthesis, in situ growth of ultrafine
carbon nanoparticles with highly porous structure effectively reduce the agglomeration
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phenomenon compared to bare PNCs, and thus leads to sufficient electrode/electrolyte
interface and shorter transport length of Li ions, thereby promoting rapid charge transfer.
Furthermore, highly conductive and mechanically strong graphene provides continuous
electron-transport pathways and stabilizes the structure upon long-term cycling. In addition, it
is believed that the high-level N-doping in PNCs@Gr composite can further enhance its
electronic conductivity and electrochemical reactivity, which is beneficial for its

electrochemical performances in LIBs.

5.4 Conclusions

In conclusion, a sandwich-like, graphene-based porous nitrogen-doped carbons
(PNCs@Gr) has been fabricated through direct pyrolysis of zeolitic imidazolate framework
(ZIF-8) nanoparticles in situ grown on graphene oxide (GO) (ZIF-8@GO), for application as
a promising anode material in LIBs. When tested in battery cells, the sandwich-like
nanostructure exhibits high reversible capacity, better cycling stability and excellent rate
capability in comparison with bare PNCs. The outstanding electrochemical performances of
PNCs@Gr anode can be attributed to its novel sandwich-like nanostructure and proper N-
doping in the composite. Thus PNCs@Gr demonstrates to be a promising alternative to
commercial graphite anode with great potential in high-performance LIBs. In addition, the
obtained sandwich-like PNCs@Gr may also be applicable for supercapacitors and other

fields.
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CHAPTER 6. CONCLUSIONS

In this thesis, two approaches have been developed to significantly enhance the
electrochemical performance of cathode materials for advanced lithium-ion batteries: One is
transition metal doping of Li4MnsO;, cathodes via a facile sol-gel method combined with
post-heat treatment to improve its specific capacity and voltage plateau; the other one is to
synthesize core-shell (L@Score-shell) cathode material for high-energy and high-power
lithium-ion batteries. In addition to cathode materials, two types of high-performance anode
materials have been designed and synthesized for lithium-ion batteries. One is a novel
structure with Sn nanoparticles well dispersed in the microspheres of manganese-nickel-
cobalt carbonate MNCCO3 (Sn@MNCCO3) prepared by using a facile one-step
solvothermal process. The other one is sandwich-like, porous nitrogen-doped carbon
synthesized by using zeolitic imidazolate framework (ZIF-8) as a template and carbon
precursor.

The spinel Li4sMnsO;, has been considered as a prospective 3V cathode material for
the next generation of lithium-ion batteries (LIBs) due to its high energy density and
excellent cycling stability. However, the low operating voltage (~3V) makes LisMnsO;;
impractical for high-energy high-power LIBs. To address this issue, Ni and Fe dual doped
LisMns..y Ni,FeyO12 has been prepared via a facile sol-gel method combined with post-heat
treatment. The effects of dual-cations doping on the crystal structure, morphology and
electrochemical properties were investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and galvanostatic
charge/discharge analysis. As a result, LisMn4NigsFeosO;, exhibits the highest reversible
specific capacity of 133 mAh/g at a specific current density of 25 mA/g after 100 cycles and
exhibits a significantly improved high voltage performance with corresponding capacity of

~80 mAh/g at an average voltage of 4.7 V vs. Li/Li" and ~122 mAh/g at above 4.0 V. These
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results indicate the dual doping of Ni and Fe can effectively improve both the operating
voltage and reversible specific capacity of LisMnsO;, with excellent cycling stability,
demonstrating a promising high-voltage cathode material for high-energy high-power LIBs.

We report, for the first time, simple and novel synthesis of a Li-rich layered-spinel
core-shell heterostructure (L@Score-shell) via evaporation-induced self-assembly (EISA) of
Ni-doped LisMnsO;, nanoparticles (LisMn4sNipsO;2) onto the surface of layered Li[Lig»
Mny 54Nip.13C00.13]O2 (LMNCO) without using any surfactant during the coating process. The
resultant L@S core-shell as cathode in lithium ion batteries demonstrates significantly
improved specific capacity, cycling performance and rate capability compared to pristine
LMNCO.

Sn with high theoretical specific capacity has suffered from poor cycling stability due
to its huge volume changes during charging/discharging processes. Thus, a novel structure of
tin nanoparticles well dispersed in ternary manganese-nickel-cobalt carbonate
Mny 54Nip.13C00.13(CO3)os (MNCCOs) is synthesized using a facile one-step solvothermal
process and demonstrates significantly improved electrochemical performance compared to
Sn nanoparticles or bare MNCCOs. Additionally, Sn content can be optimized to maximize
the battery performance of the composite. When tested as an anode material in lithium ion
batteries, the composite with 10 wt.% Sn nanoparticles dispersed in MNCCO; matrix
(10Sn@MNCCO;3;) demonstrates the best performance, delivering a high initial charge
capacity of 929 mAh/g and retains a specific capacity of 657 mAh/g after 50 cycles and 560
mAh/g after 100 cycles at a specific current of 100 mA/g. The charge capacity of
10Sn@MNCCOs; decreases from a value of 991 mAh/g when cycled at 50 mA/g to 64 mAh/g
at 2000 mA/g with the increasing specific current. When the specific current returns from
2000 mA/g to 50 mA/g, 10Sn@MNCCOs retains a high capacity of 791 mAh/g. The

improved electrochemical performance can be ascribed to the synergic effect of both
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components in the composite, in which ternary carbonate MNCCO3; matrix not only provides
high practical capacity, but also effectively accommodates the strain of dramatic volume
change during long cycling, meanwhile Sn ensures a good electrical contact of the overall
electrode due to its high electronic conductivity.

A sandwich-like, graphene-based porous nitrogen-doped carbon (PNCs@Gr) has
been prepared through facile pyrolysis of zeolitic imidazolate framework nanoparticles in situ
grown on graphene oxide (GO) (ZIF-8@GO). Such sandwichlike nanostructure can be used
as anode material in lithium ion batteries, exhibiting remarkable capacities, outstanding rate
capability, and cycling performances that are some of the best results among carbonaceous
electrode materials and exceed most metal oxide-based anode materials derived from metal
orgainc frameworks (MOFs). Apart from a high initial capacity of 1378 mAh/g at 100 mA/g,
this PNCs@Gr electrode can be cycled at high specifi ¢ currents of 500 and 1000 mA/g with
very stable reversible capacities of 1070 and 948 mAh/g to 100 and 200 cycles, respectively.
At a higher specifi ¢ current of 5000 mA/g, the electrode still delivers a reversible capacity of
over 530 mAh/g after 400 cycles, showing a capacity retention of as high as 84.4%. Such an
impressive electrochemical performance is ascribed to the ideal combination of hierarchically
porous structure, a highly conductive graphene platform, and high-level nitrogen doping in
the sandwich-like PNCs@Gr electrode obtained via in situ synthesis.

In conclusion, this thesis work provides various approaches to achieve significantly
improved electrochemical performances of electrode materials for advanced lithium-ion
batteries. Transition metal doping is very cost-effective for enhancing the specific capacity
and improving the voltage plateau of LisMnsO,, spinel cathode materials. Furthermore, novel
design and synthesis of nanostructured electrode materials can achieve higher capacity and

better rate capability of both cathode and anode materials.
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