THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




This thesis in electronic version is provided to the Library by the author. In the case where its contents is different from the
printed version, the printed version shall prevail.

DEVELOPMENT OF CARBON-BASED
NANOCOMPOSITES FOR ENERGY STORAGE
AND ENVIRONMENTAL APPLICATIONS

FEI LINFENG

Ph.D

The Hong Kong Polytechnic University

2015



lbsys
Text Box
This thesis in electronic version is provided to the Library by the author.  In the case where its contents is different from the printed version, the printed version shall prevail.



The Hong Kong Polytechnic University

Department of Applied Physics

Development of Carbon-based Nanocomposites for

Energy Storage and Environmental Applications

FEI Linfeng

A thesis submitted in partial fulfillment of the requirements for

the degree of Doctor of Philosophy

September 2014



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written, nor
material that has been accepted for the award of any other degree or diploma, except

where due acknowledgement has been made in the text.

(Signed)

FEI Linfeng (Name of student)



To my dearest wife and daughter



.-'@,\_ THE HONG KONG POLYTECHNIC UNIVERSITY ABSTRACT

ABSTRACT

Over the past few decades, the rapid development of various electronic and electric
devices including smartphones, wearable electronics, and electric vehicles have
transformed the way we live and given rise to technologies associated with energy
storage. Among all energy storage devices, lithium-ion batteries have been most
popular and gained much commercial success. In the configuration of a lithium-ion
battery, the cathode material has far more impact than the anode, the separator, or the
electrolyte on overall performance, safety, and cost of the finished battery. In order to
power large-scale systems, it would be essential to develop high performance cathode

materials to ensure maximum performance.

Anticipated to be one of the most promising solutions in next-generation
revolutionary cathode materials for lithium-ion batteries, monoclinic LizV,(POy); has
been frequently noted in the literature despite its low intrinsic electronic conductivity.
To gain better electrochemical performance, a great deal of efforts have been made to
improve its conductivity of monoclinic LizV,(POy4); including size reduction,
conductive surface coating, and lattice engineering. However, simple ways of
synthesizing this electrode material with superior gravimetric/volumetric

electrochemical characteristics and a robust structure has yet to be found.

In this thesis, a rational LizV,(PO4);/C composite is first engineered by making

porous carbon nanoflakes highly entangled on single-crystalline LizV;(POys);
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microrods. The resulting as-synthesized composite displays a number of structural
features including a hierarchical mesoporous-macroporous microstructure with ultra-
high tap density. The findings of the corresponding electrochemical evaluations
reveal that our designed composite show greatly improved electrochemical
performances, including good cycling stability and superior rate capability, which are
directly resulted from its enhanced structural stability and reduced charge-transfer

resistance.

To further improve the cycling stability of the Li3V2(PO4)3/C composite, we designed
another novel architecture by incorporating carbon-coated Li3V,(POs); nanospheres
into a well-connected three-dimensional carbon network uniformly. Such a
hierarchical porous framework combines multiple advantages including a rational
mesoporous-macroporous structure to facilitate the electrolyte infiltration, a three-
dimensional continuous electron pathway, and abundant porous space for
accommodating volume expansion during the electrode charge/discharge. This
material, as a cathode, is capable of delivering superior cycling stability with an

excellent rate capability.

In addition, in pursuit of solving various energy and environmental problems, high-
performance photocatalytic materials are extensively studied, especially those
worked upon visible-light. In this thesis, we also described a novel nanocomposite of
porous Nb,Os nanofibers decorated with graphene nanoclusters on their surfaces. By

utilizing such a composite, the active region of Nb,Os was significantly extended
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from UV region to UV-Vis region and hence, the photocatalytic performance was
also greatly improved. Detailed structure analysis revealed that the performance
enhancement was originated from the ample existence of chemical bondings (Nb-O-
C) and the unique orientation of graphene layers (perpendicular to the Nb,Os/C

interface).

It should be noted that in the research of carbon-based composite, it has been a long-
term challenge to fully understand the growth mechanism of carbon nanostructures
on host particles at atomic level and in this thesis, we attempt to solve this problem
by presenting one example, i.e., to document graphene growth from designed liquid-
solid interface using in-situ transmission electron microscope technique coupled with
a high-stable heating system. In the amorphous carbon-Pt;Co modelling system, we
discovered that the carbon first crystallized to nanoclusters at step-edges on liquid
Pt;Co surfaces before merging into graphene layers through kinetic restructuring via
oriented-attachment, leading to the final formation of few-layered graphene
nanostructures. The results from density-functional theory calculations further
revealed that Co atoms rather than Pt atoms acted as initial nucleation centers,
suggesting higher catalytic activity among transition metals than that of noble metals

in this process.
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CHAPTER 1 INTRODUCTION

1.1 Foreword

Energy is of great importance in the process of human civilization. The continuous
consumption of fossil fuels (e.g. oil, coal, and natural gas) in the past few decades
has led to a number of undesirable consequences such as global warming and
environmental issues, giving to “green” energies (including solar, wind, nuclear,
geothermal, and hydropower, etc.) that are renewable, clean, and cost-effective. To
integrate and widen the applications of these new energies into daily life, energy
storage devices are essential. So far, rechargeable (or secondary) batteries have
shown to be the most efficient energy storage devices as they are capable of
converting electrical energy into chemical energy, and release it in the form of
electricity again. Today most advanced rechargeable battery technologies rely on
lead-acid, nickel-metal hydride, lithium-ion, and redox flow cells. Among them,
lithium-ion batteries (LIBs) has been most popular because of its mobility in
powering all kinds of portable electronic devices (e.g. cell phones, digital cameras,
notebooks, and wearable electronics) and even electrical vehicles (EVs). The
primary reasons for using a LIB to power electrical vehicles originates from its high
voltage, high energy density (both volumetric and gravimetric), lack of memory

effect, low self-discharge, long cycling life, and environmental friendliness.
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On the other hand, as fossil fuels are still, and will continue to be the primary energy
source for humanity, the associated environmental problems have become a major
global concern. The rapid development of industrialization, urbanization, and
modernization have made modern life more convenient but at the same time, also
created various pollutants at an alarming level. In response to this, extensive research
have been conducted to develop advanced analytical, biochemical, and
physicochemical methods to degrade hazardous chemical compounds in air, water,
and soil. In particular, photocatalysts (or semiconductor photocatalysts to be precise)
have found to be effective in treating wastewater for the past few decades as this
method offers several advantages over other alternatives such as complete
mineralization without waste disposal problem, low cost, and operable at mild

conditions.
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1.2 General Description of LIB

A typical LIB generally consists of a cathode (positive electrode), an anode (negative
electrode), a separator between them (allows the migration of Li~ while forbidding
the migration of electron), and an electrolyte (Figure 1.1)." The first generation of
LIB employs graphite as anode, while layered LiCoO, (LCO) as cathode, and a
mixture of LiPF¢/ethylene carbonate/dimethylene carbonate as electrolyte. During its
charging process, Li" exits the LCO structure and migrates to the graphite via the
electrolyte; meanwhile, driven by the external electric field, the associated electron
flows from cathode to anode. Upon discharging, the migration paths for both Li" and

electron are reversed.

Cathode

Cu Al

o0 0
current o o current
collector §_> Q [ é collector
OO

Graphene Li*  Solvent LiMO, layer
structure molecule structure

Figure 1.1 Schematic illustration of a typical LIB.'
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Table 1.1 Comparison of performance between LIB and traditional secondary

batteries.
Lead-acid Ni-Cd Ni-MH Li-ion
Voltage (V) 2.0 1.2 1.2 3.6
Specific energy (Wh kg™) 30-40 40-50 70-80 120-150
Cyecle life (times) 200-500 500 500 500-1000
Self-discharging rate per month (%) 5 25-30 30-35 6-9
Price (HKD Wh™) 1-2 - 7.2 4
Memory effect YES YES YES No
Pollution YES YES No No

In comparison with traditional secondary batteries, LIB possesses unbeatable
advantages at an acceptable price (see Table 1.1). The performance of LIB
performance is highly dependent on the intrinsic physiochemical properties of
positive and negative electrode materials. The criteria for selecting effective
electrode materials include: (1) high specific density; (2) high (cathode) and low
(anode) redox potential; (3) good compatibility with electrolyte; (4) simple electrode
kinetic mechanism; (5) high degree of reversibility; (6) good environmental
benignity; (7) absolute safety; and (8) low price.” Recently, significant progress has
been made in anode materials by developing Si,*” Sn,*’ Ge,'"'"* and metal oxides

(Sn0,,"*" Fe,05,'>'® Cu0,"” etc.), which are capable of providing much higher

FEI Linfeng 4



@THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 1

specific capacities than that of conventional graphite anode (372 mAh gV).
Meanwhile, as the choice of cathode material does not only determine a battery’s
price (which can take up 30-40% of its commercial cost), but could also greatly
impact the battery’s performance,'® the search for new-fashioned cathode materials

to satisfy the increasing demand has, thus, become very important.

1.3 Cathode Materials for LIB

An ideal cathode material for LIB should satisfy the following requirements:
(1) High redox potential to ensure high cell voltage;
(2) Reversible Li" insertion/removal to guarantee stable cycling;
(3) Ability to accommodate a large number of Li" per unit cell to achieve high
capacity;
(4) A fast Li" transfer kinetic mechanism to acquire high conductivity;
(5) Stable in electrolyte;

(6) Simple to obtain and inexpensive.

Currently, the most popular cathode materials mainly include layered lithiated
transition metal oxides (LCO and LiNij.x.;CoMn,0,), spinels (LiMn,0Oy4), vanadium

oxides, and polyanion compounds (phosphates, borates, and silicates).
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1.3.1 LiCoO,

LCO was initially proposed as a cathode material for LIBs by Goodenough et. al in
1980." The material was then commercialized by SONY in 1991 and has gained
huge success in a wide range of application scenes from cell phones to EVs. Under
ambient conditions, LCO belongs to the R3m point group with an a-NaFeO,
structure in hexagonal symmetry (as sketched in Figure 1.2). Although in theory,
LCO possesses a theoretical capacity as high as 274 mAh g™ upon complete removal
of Li" from its unit cell, the Li;xCoO, structure tends to become unstable at high
levels of delithiation (x exceeds 0.5)*° and therefore, the upper cut-off voltage for
charging a LCO LIB is generally limited to ~4.2 V (vs. Li/Li"), which corresponds to
a practical capacity of ~140 mAh g (which equals ~0.5 Li per unit cell of LCO).
Another concern is that elemental cobalt is very costly and highly toxic, which limit
its applications and prompt scientists to look for other candidates for energy

applications.
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Figure 1.2 Lattice structure of LCO.

In view of the above, layered oxide LiNi;;3Mn;;3Co,/30, (NMC), isotypic with LCO,
has been regarded as a promising cathode material because of its enhanced structural
stability, lower price, and better environmental compatibility when compared with
LCO.* However, NMC suffers from rapid capacity loss during repeated cycling, and

further development is essential to address this shortcoming.

1.3.2 LiMn,0,

LiMn,O,4 (LMO), as introduced by Trackeray et. al in 1983, owns the Fd3m point
group with a spinal structure in cubic symmetry (as sketched in Figure 1.3). LMO

has a theoretical capacity of 148 mAh g (~120 mAh g in practice) with a potential
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of ~4 V, thus, offering an inexpensive and non-toxic substitute for cathode in LIBs
offering high thermal stability and acceptable rate capability.”> > However, a
number of factors have hindered the application of LMO on a large-scale: (1) poor
electrolyte compatibility owing to its slow dissolution of manganese into the
electrolyte; (2) fast capacity loss due to the John-Teller distortion of Mn’" in deep
charge-discharge, especially at elevated temperatures (> 50 °C); and (3) loss of
oxygen during the charging process.”**® Currently, efforts have been made to
improve the cathodic performance of LMO for future commercial applications via

. . . 2
size reduction or doping.*’

Figure 1.3 Lattice structure of LiMn,Os.
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1.3.3 LiFePO,

In search of next-generation cathode materials for LIBs, special attention has been
drawn to polyanion compounds (eg. LiFePO, (LFP),”® LiFeBO;,” LiFeSO,F,*'**
LizFeSiO4,33735 etc.) because of their excellent thermal stability and outstanding
electrochemical performance. Among these compounds, phosphates (such as LFP
and Li3V,(PO4)s (LVP)) possess better structural stability due to the confining effect
of oxygen atoms in POy, tetrahedrons. Because their delithiated products (FePO,4 and
V2(POs)3) share exactly the same crystal structure and space group with that of LFP
and LVP, respectively, there is little volume/structure change during
charging/discharging. Both LFP and LVP also exhibit high theoretical capacity with
high operating voltage, and are environmentally friendly, and thus, showing great

potential as future large-scale cathode materials.

Olivine LFP (orthorhombic structure, point group Pnma, as sketched in Figure 1.4)
was suggested to serve as a cathode material in 1997 by Goodenough.’® LFP can
deliver a theoretical capacity of 170 mAh g™ at a single voltage plateau of ~3.4 V (vs.
Li/Li"). However, one fatal disadvantage associated with LFP is its low intrinsic
electrical conductivity (o, 10" — 10° S cm™), a result of the modulating
arrangement of FeOg octahedrons separated by insulating POy tetrahedrons (as can
be seen in Figure 1.4). In order to enhance the practical application of LFP,

modifications would be essential.
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Figure 1.4 Lattice structure of LiFePOs.

To improve the performance of LFP, a number of approaches have been developed
and they can be categoried into three types:’’ ** conductive surface coating, size
reduction to nanoscale, and doping with metal ions. In conductive surface coating,
the mostly commonly used coating material is carbon (amorphous carbon, graphite
carbon, carbon nanotubes, graphene), while metal nanoparticles (Cu, Ag), metal
oxides (S10,, CeO,, V,03, ZnO, CuO, Zr0;), and conductive polymers have all been
proved to be useful in improving the electrochemical performance of LEP.*™*
Reducing the particle size of LFP towards nanometer scale is another effective

method to improve LFP performance as it can reduce the diffusion distance of Li" in

LFP, resulting in better utilization of LFP’s theoretical capacity.47 Controlling the
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morphology of LFP nanoparticles is also helpful in achieving better LFP
performance. For example, the nanoporous structure in LFP particles is quite
beneficial for the infiltrating on of electrolyte that accelerates the electrochemical
process.”* ™" The method of metal ions doping aims to produce lattice defects to
promote the diffusion of Li", which is the only method to increase the conductivity
of LFP, and a number of ions (eg.: Ti*", Nb>", W, zr*", V°, Mg**, Mn*",Cu™, etc.)
have been introduced to modify LFP system towards better performance.**”'>*

Although most of these ions were found to be effective, the mechanism remains

. 1 43454655
controversial, 43+>:46:35-58

Despite the continuous development of LFP, redox potential of LFP remains rather
low (showing comparable gravimetric energy density to LCO). Subsequently
scientists have turned their attention to other phosphates with high operating voltages,
such as LiMnPO4 (~4.1 V vs. Li/Li")’, LiNiPO; (~5.2 V vs. Li/LiN%, and

LizV2(PO4)3 (~4.0 V vs. Li/LiH°*%,

1.4 Li;Vo(PO,);

LVP possesses the highest theoretical capacity (197 mAh g') among all high-voltage
phosphate cathode materials. Other desirable qualities of LVP include abundant
resources, high level of safety, and rapid ionic diffusion;* thus, it is particularly
suitable for the next-generation high-energy LIBs for large-scale application such as

EVs.
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1.4.1 Lattice Structure

LVP possesses two individual crystal structures: the rhombohedral structure
(NASICON type, sodium superionic conductor), and the thermally more stable
monoclinic structure (shown in Figure 1.5).°*% These two structures can be
differentiated by the interconnecting ways of their “lantern” units (the V,(POs); unit).
The rhombohedral LVP (a = 8.316(1) A, ¢ = 22.484(1) A; space group R3)%®
consists of VOg octahedra and POy tetrahedra connected via vertex oxygen atoms,
forming “lantern” units along the [100] direction and the lithium atom is located on a

unique 4-fold coordinated crystallographic site.*

b

Figure 1.5 Polyhedral representation of (a) a rhombohedrally structured LVP and (b)

a monoclinically structured LVP.%
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The monoclinic LVP (a = 8.605(1) A, b = 8.591(1) A, ¢ = 12.038(1) A, and B =
90.60(1)" with space group P21/n) crystallizes into a slightly more complex structure.
Both VOg octahedra and PO, tetrahedra are distorted and the vanadium atoms
occupy two different positions: V(1) and V(2) with average V-O bond lengths of
2.003 and 2.006 A, respectively.®* Lithium atoms has three distinct sites in the
interstitial voids. According to the Li solid-state nuclear magnetic resonance (NMR)
spectrum analysis by Nazar et. al, Li(1) sits in the tetrahedral site whereas Li(2) and
Li(3) occupy two pseudo-tetrahedral sites (five-coordinate Li-O sites) with an
additional long Li-O bond (~2.6 A).**%” These three lithium sites have a microsecond
mobility as revealed by two-dimensional exchange spectroscopy (2D EXSY),%

which is far faster than the millisecond lithium hoping dynamics in LMO structure.”

As extracted by differential scanning calorimetry (DSC), temperature-dependent X-
ray diffraction (XRD), and Raman spectra, monoclinic LVP also undergoes three
structural changes upon continuous heating: monoclinic a-phase at room temperature,
monoclinic B-phase at middle-temperature (ca. 400-460 K), and orthorhombic y-

phase at high-temperature (ca. 460-573 K).”*"

These phase transitions are reversible
upon cooling to room temperature. It should be noted that monoclinic LVP could

become unstable and V(III) could be oxidized under elevated temperature of above

800 K in air.”
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1.4.2 (De)Lithiation Mechanism

The voltage-composition behaviors of rhombohedral LVP and monoclinic LVP are
highly distinct from each other due to their structural differences. Rhombohedral
LVP, which can only be synthesized via ion exchange from its corresponding
sodium analogue (Na3;V,(PO,)3), displays one flat voltage plateau at ~3.7 V vs Li/Li"
based on the V**/V*" redox couple, associated with a two-phase transition between
the compositions of Li;V,(PO4); and Li3V2(P04)3.66’7‘Hé In comparison, the
monoclinic LVP exhibits a much better electrochemical properties than those of
rhombohedral LVP in which every Li' can be reversibly removed/inserted. The
theoretical capacity for monoclinic LVP could reach as high as 197 mAh g’ the
best among all reported lithium transition metal phosphates and therefore, our work

particularly focuses on the monoclinic phase of LVP.
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Figure 1.6 The electrochemical voltage-chemical composition profiles of LVP in the

voltage range of 3.0-4.8 V (a) and 3.0-4.3 V (b) vs. Li/Li".%

The electrochemical voltage vs. chemical composition profiles for

lithiation/delithiation is sketched in Figure 1.6. In a range of 3.0 — 4.8 V vs. Li/Li"
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(Figure 1.6a), there are four plateaus in the oxidation curve, locating at about 3.6, 3.7,
4.1, and 4.6 V vs Li/Li", corresponding to a sequence of phase transition for the
single phase Li,V2(PO4); (x = 3.0, 2.5, 2.0, 1.0, and 0).°*">7"7 Li(3) (see Figure
1.5b), the highest energy site, is firstly extracted during the oxidation.”” This process
can be divided into two stages: (Li3V2(PO4)s — LizsV2(PO4); — LipV2(POy)3) due to
the existence of the ordered and stable LisV2(POs); phase, corresponding to the
voltage plateaus at 3.6 and 3.7 V vs Li/Li". The following Li" (Li(1)) is extracted via
a two-phase process (Li,V2(PO4); — LiV,(POy)3) as well as the full oxidation from
V> to V*. The last Li" (Li(2)) is extracted through a similar two-phase process
(LiV2(POs4)s — V2(POs)s) at a voltage of 4.6 V, together with the full oxidation from
V* to V¥, which is kinetically the most difficult step due to the reduced
ionic/electronic  conductivity from the completely empty “lantern” units
(V2(PO4)3).** The overall volume contraction after removal of all three Li" is 7.8%,
which is a result comparable to that of LiFePO4 (6.6% volume reduction from
LiFePO4 to FePO,);® therefore, the monoclinic symmetry is reserved in the
V2(POy)s structure. It should be noted that in the V,(POy); product, two vanadium
atoms exhibit almost the same bond distances and thus, possess the same oxidation
state (+ 4.5),% suggesting there is little difference between the lithiation process and
the above delithiation process. The initial lithiation shows a typical solid-state
behavior (single-phase reaction, as can be identified by the “S” curve); consequently,
a two-step lithiation (Li,V2(PO4); — LizsV2(PO4); — LizV2(POy)s) is evidenced by

two obvious voltage plateaus, locating at 3.65 and 3.58 V, respectively.
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The overall mechanism for charge/discharge reactions can be written as follows:

Charge:
LizV, " (PO4); — 0.5Li" - 0.5¢ — Lir sV 'V 1,7 (PO4)s
LizsV> 'V, (PO4); — 0.5Li" -0.5¢ — Li, V'V (PO,)s
Li, V'V (PO4); — Li" - e — LiV,* (PO,);
LiV,Y(PO,);— Li™ - e — VL, (PO,);
Discharge:

Vo (PO4)s + 2LiT + 2e — Li, VIV (POy);3

Li, V'V (PO4)s + 0.5Li" + 0.5¢ — Lir sV V1,7 (POs)s

LissV> V10 (PO4); + 0.5Li" + 0.5¢ — Li3V,>(POy4);

Specifically, when the cut-off voltage is limited to 3.0 — 4.3 V vs. Li/Li" (Figure
1.6b), no solid-state region is presented. The electrode exhibits three charge plateaus
and three corresponding discharge plateaus, associating with the two-phase transition
(LisV2(POs)s —%—  LixsVa(POs); —— Li;Va(POs); —+Y— LiVa(PO4)s3);
therefore, the material becomes fully reversible with a theoretical capacity of 133

mAh g
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Table 1.2 Comparison of performance between cathode materials for LIBs.

LiCOOz LiMIl204 LiFePO4 Li3V2(PO4)3

Dy (em? S™) 10%-107 10"°-10°  10"°-10" 10"”-10"
Electronic conductivity (S cm™) 107 10° 10710 10
Voltage (V) 3.7 4.0 34 4.0
Specific capacity (mAh g™”) 274 (140) 148 (100) 170 197
Power density (Wh kg™) 518 400 578 788

As can be seen from Table 1.2, although LVP presents similar voltage plateaus as
those of LCO and LMO, it possesses much higher energy density, thermal stability,
and environmental benignity. Compared with LFP, monoclinic LVP offers higher
diffusion constant, discharge voltage and energy density. As for the toxicity of
vanadium, Nazar et. al. have clearly stated that vanadium is safe to many animals.®’
Because of the factors above, LVP is generally considered as the best candidate for
next-generation cathode materials, especially for EVs application. However,
analogue to LFP, the separated arrangement of conducting VOgs octahedra by
insulating POj4 tetrahedra in LVP’s lattice leads to poor conductivity of this material

and it would be essential to modify LVP before they can be applied into real cells.

1.4.3 LVP Structural Modifications

Previous studies have proposed a number of methods that contribute to the improved

electrochemical performance of LVP products with various morphologies
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(summarized in Figure 1.7). In general, the modification of LVP is directly inspired
by the development of LFP and the methods used to modify LVP are similar to those

of LFP, i.e., size reduction, carbon/oxide coating, and metal ions doping.

Sal-gel chemistry Hydfithermal meth:nd

Figure 1.7 The morphology of LVP cathode materials prepared by different
methods.* (a) Solid-state reaction. (b) Sol-gel chemistry. (¢) Hydrothermal method.
(d) Spray pyrolysis. (e) Freeze-drying method. (f) Electrospinning. (g) Electrostatic

spray deposition. (h) Rheological phase reaction. (i) lonothermal method.
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1.4.3.1 Size Reduction

The “mosaic model” in LFP proposed by Andersson et al.*’ is also suitable for the
lithiation/delithiation process of LVP materials. The “dead space” throughout the
whole particle that cannot be accessed by Li” would become larger together with the
increase of particle size, resulting in higher capacity loss. A reduction in particle size
can therefore effectively shorten the Li" diffusion distance and simplify the
lithiation/delithiation as well as decrease the inaccessible “dead space” greatly to
boost the LVP utilization in the electrode. Li et al. adopted a sol-gel method and
obtained a LVP-carbon (LVP/C) composite with an average size of ~70 nm.*' The
reduced particle size increased the inter-particle electrical contact, thus, improving
its electrochemical performance (when compared with conventional solid-state
sample). The initial discharge capacity reached 155.3 mAh g at the current density
of 28 mA g in the voltage range of 3.0 — 4.8 V, and the capacity retained as 143.6
mAh g after 50 cycles. Pan et al. synthesized LVP/C composite with an average
diameter of <50 nm from a special carbon source (KB carbon),** and the resulting
composite exhibited an superior rate capability and capacity retention. The initial
discharge capacity of this composite was 122 mAh g at 1C, and 83 mAh g at 32C
in the voltage range of 3.0 - 4.3 V. Du et al. synthesized mesoporous LVP/C
microspheres using Baker's yeast cells as both mesoporous structure templates and
amorphous carbon sources.®® These microspheres are composed of densely
aggregated nanoparticles (20 — 40 nm) as well as interconnected nanopores (2 — 15

nm), which are beneficial for the infiltration of electrolyte and diffusion of Li". The

FEI Linfeng 20



@THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 1

discharge capacity of the mesoporous LVP/C microspheres was high (about 126.7
mAh g ') with only 2% capacity loss of the initial value at the 50th cycle at a current
density of 0.2 C, and a high rate capacity of 100.5 mAh g at 5 C in the region of

3.043 V.

1.4.3.2 Carbon/oxide Coating

So far, carbon coating has been regarded as the simplest and most effective method
to improve the performance of LVP. This approach does not only improve the
electronic conductivity of the electrode material as a result of the construction of
conductive “bridges” between insulating particles, but also prevent the direct contact
between LVP and electrolyte to avoid the dissolution of V** into electrolyte. In 2002,
Huang et al. were first to report the success of using carbon coating on LVP to
achieve excellent electrochemical performance,®” and this discovery has triggered the
research of applying carbon coating on LVP for enhanced performance. For example,
Chang et al. used glucose as carbon source and synthesized carbon-coated LVP via a
hydrothermal method.® The resulting material exhibited a high initial discharge
capacity of 178, 173 and 172 mAh g at 0.1C, 0.2C and 0.5C between 3.0 and 4.8 V,
respectively. Moreover, it displayed good fast rate performance, by which discharge
capacities of 136, 132 and 127 mAh g-1 can be delivered after 100 cycles between
3.0 and 4.8 V at a different rate of 1C, 2C and 5C, respectively. Subsequently, Rui et
al. studied the effects of different carbon sources (citric acid, glucose, PVDF and

starch), and found that LVP/C composite from citric acid performed the best (with
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almost no capacity fade after 100 cycles in 0.2C).** Wang et al. prepared a LVP/C
film via electrostatic spray deposition, and obtained capacities of 118 (1C) and 80
(24C) mAh g when using the film as cathode.® Zhou et al. also studied the effects
of carbon sources (humic acid, glucose, and carbon), and the sample from humic
acid showed the best cyclic performance (during the 200th cycle, the capacity of the
sample from humic acid remains at 145.2 mAh g at 1C.).* A number of materials
have been used as carbon sources in synthesizing LVP/C composites, including:

. 9D . . . . 194 .
8889 polyvinyl alcohol,”®? stearic acid,” oxalic acid,”* glycine”

sucrose,87 maltose,
etc. Although the enhanced electrochemical performance brought by carbon coating
is already confirmed by several individual works, its applications in LVP systems

remain relatively limited when compared with LFP, and the interfacial chemistry

between LVP-C requires further optimization for better performance.

A great deal of studies have found that metal oxide coating could also enhance the
electrochemical performance of cathode materials for LIBs.”*'® One possible
reason for this is that metal oxide forms a protective layer on active material to
prevent its contact with electrolyte, thus, slowing the dissolution of active material to
gain extra structural/cycling stability. Another factor leading to the enhanced
performance could be that the introduction of metal oxide in proper concentration
improves the conductivity of the active material and hence, reduces the charge-
transfer resistance as well as the activation energy for Li" transfer. This boosts the
kinetic process of electrode reaction that results in improved electrochemical

performance. So far, the most effective metal oxides used in cathode for LIBs
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include SiO,, ZnO, CeO,, TiO,, ZrO,, and Al,Os. For example, Zhai et al.'”! found
that MgO nanocoating (thickness: 2.0 — 2.5 nm) stabilized the structure of LVP,
decreased the interface charge transfer resistance and enhanced the reversibility of
electrode reaction. In this study, enhanced initial discharge capacity, cyclability and
rate performance were studied. The initial discharge capacity is 194.4 mAh g at 40
mA g current density, close to the theoretical discharge capacity, and the discharge
capacity remains 137.5 mAh g after 100 cycles with a capacity retention of 70.73%
which is higher than that of pristine LVP/C (43.7%). The initial discharge capacity
maintains at 157.81 mAh g, 157.29 mAh g and 144.64 mAh g at 1C, 1.5C, 2C

rates, respectively.

Conductive polymers (polypyrrole, polyamine, etc.) have also been introduced to
LVP system,'” but the development of their applications are still in an early stage
due to the lack of conductive polymeric material with proper and stable

electrochemical window.

1.4.3.3 Metal Ions Doping

Similar to LFP, the carbon coating can effectively improve the electronic
conductivity of LVP yet the introduction of large amount of carbon would decrease
the tap density of the material and hence, decrease the volumetric energy density, an
undesirable effect for large-scale applications of LVP. To address this issue, metal
ions doping has been proposed to enhance the electrochemical performance of LVP

as it can improve LVP’s intrinsic conductivity while maintaining its tap density.
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LVP possesses two metallic positions, Li(M1) and V(M2), which can be either
separately or simultaneously doped by guest ions. Morgan et al. presented combined
experimental and first-principle findings to study the effects of Ti, Al, and Cr doping

103
It was

(on V(M2)) on the structural and electrochemical performances of LVP.
found that Ti atom could influence both the structure and electrochemical properties,
whereas Al and Cr atoms seem to have little effect on conductivity . Ren et al.
reported that LisFesV,4(PO4)3/C (x = 0.02 — 0.04) had better properties than
undoped LVP because of increased electrical conductivity and structural stability
derived from the incorporation of the Fe’* ions.'” Chen et al. also reported that in
Li3V,«Cr(PO4)3/C, although the initial specific capacity decreased with Cr content
at a lower current rate, both cycle performance and rate capability have improved
significantly with moderate Cr-doping content.'™ Dai and Huang both asserted the
positive effects of Mg”" doping on the electrochemical improvement of LVP.'?%1%

. + + 2+ + + + +
The doping effects of Co’ ,107 Mn? ,108 Ni? ,109 Ca’ ,“0 Ce’ ,111 Sc? ,“0 Sn*" "2 have

also been extensively examined by different research groups.

Mateyshima et al. studied the effects of substitution of Li(M1) via guest ions and
found that the doping of K* on Li(M1) could negatively affect the electrochemical
property of LVP.'® A study from Yan et al. revealed that the LizV2(PO4)2.85Cl 12/C
composite presented an excellent discharge capacity of as high as 106.95 mAh g’
after 80 cycles at 8 C, a result of decreased polarization and reduced charge transfer

resistance of electrode with a suitable Cl-doping amount.'"*
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In summary, a number of studies have confirmed the introduction of metal ions
could enhance the electrochemical properties (especially the high-rate and cycling
performance) on LVP by reducing the particle size, decreasing the charge-transfer
resistance, increasing the electronic conductivity, and enhancing the structural
stability. The current research mainly focuses on property enhancement of LVP
brought by guest ions. Due to a lack of reliable and specific experimental data, the
concepts and/or mechanism of metal oxide coating or metal ions doping remains

controversial and further research are needed in this area.

1.5 Carbon-based Photocatalysts

1.5.1 Introduction of Photocatalysts

The initial discovery of photocatalytic water splitting on TiO, electrodes by
Fujishima & Honda in 1972 has fueled the research on semiconductor
photocatalysts.'"” Since then significant progress has been made in this area and
various highly active semiconductor photocatalysts have been identified for their
electrochemical ability in environmental remediation and solar energy conversion.
These semiconductors (e.g., ZnO, TiO,, WOs, CdS, BiOCl, BiVOs, etc.) can act as
photocatalysts for light-induced chemical transformations due to their novel
electronic structure, composed of a filled valence band (VB) and an empty
conduction band (CB). When the semiconductor adsorbs a photon with its energy

match or exceeds the bandgap energy (E,) of the semiconductor, an electron in the
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VB will then exit to the CB, leaving a positive hole in the VB. Such photogenerated
electrons and holes play an important role in pollutant degradation, photocatalytic
disinfection, and solar energy conversion (including hydrogen production and solar
photovoltaics). However, the photogenerated electrons and holes in their excited
states are often unstable and could recombine easily (the input energy is, thus,

dissipated as heat), resulting in rather low efficiency of photocatalytic reactions.''®"

118

During the past few decades, comprehensive studies have been conducted to improve
the photocatalytic performance of semiconductor photocatalysts by means of: (i)
extending the photoresponse of UV-activated semiconductors (especially TiO,) into
the visible region via bandgap tuning or the introduction of a photosensitizer; (i)
suppressing electron-hole recombination; and (iii) promoting the forward reaction
through localizing reactants adjacent to the active sites on photocatalyst.''” Generally,

the methods adopted include coupling with a narrow bandgap semiconductor,'2*'%*

125-127

metallic/nonmetallic doping, noble metal loading,'**'*° dye-sensitization,'*'”

13 composing carbon materials.'>> 4

1.5.2 Carbon in Photocatalysts

Today much attention has been given to the use of carbon materials to enhance the
photocatalytic ability of photocatalysts. The introduction of carbon nanostructures in

composite photocatalysts not only suppresses the charge recombination,'*! but also
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benefits a hydrophobic environment for localizing concentrated reactant surrounding
the active sites.'*? Moreover, recent work has also confirmed that carbon can act as a
sensitizer when it forms a complex interface with TiO,, or as impurity energy levels

through the formation of Ti-O-C bonds to extend its active region.'*"'*

Zhang et al. reported an extension of TiO;’s response into visible light region by
coating thin carbon layers (~ 1 nm) on TiO; nanoparticles. They believed that the
electron coupling, a result of d-n interaction (d-orbit of the TiO, conduction band
and m-orbit of the graphite carbon), was responsible for the extended light

. 145
adsorption.

In another study, Kamat and his co-workers synthesized TiO,
nanocrystals/graphene oxide composite by sonicating TiO, nanoparticles and
graphene oxide sheets in ethanol, and demonstrated the possibility of using reduced
graphene oxide as an electron reservoir and a transfer medium in the composited
photocatalyst.'**!*” Zhang et al. then synthesized graphene/TiO, (P25) composite
from hydrothermal reaction with enhanced photocatalytic activity for the degradation

of methylene blue in aqueous solution.'

The findings of these studies show that
carbon modification for semiconductor photocatalysts could be a promising
technology in boosting their performance for practical applications as it facilitates

electron transport and light adsorption, creates a substrate localization effect, and

improves the dispersion of photocatalysts.
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1.5.3 Nb,O5 as Photocatalyst

As a key semiconductor material with a wide range of catalytic applications (e.g.
(de)hydration, hydrolysis, condensation, alkylation, dehydrogenation, and especially,
photodegradation of harmful organic contaminants and photo-splitting of water to
produce hydrogen), niobium oxide (Nb,Os, E; = 3.4 V) is thus quite promising for
both energy and environmental applications.'*® Prado et al. showed that Nb,Os
performed better in photodegradation of organic dyes than that of TiO, and ZnO
after 10 catalytic cycles'” with the advantages of easy recovery and long-term

stability in photocatalytic reactions.

However, the degradation rate of Nb,Os is much slower than that of TiO, and
Zn0."” To improve the photocatalytic efficiency of Nb,Os material, many new
materials based on modified Nb,Os have been created as improved photocatalysts,
either by metallic (Mo, W)/nonmetallic doping (N) or by rational compositing (Pt,
Au Cu, NiO, SrNb,Og¢, In O3, chitosan, etc.).15 0-156 Some research found that layered
niobates (KNbOs;, HNb;Og) could also help to improve photocatalytic performance,
which may be caused by their layered structures that facilitate the photoexcited

charge transfer and the charge separation.'>*'”’

Similar to TiO,, Nb,Os is almost inert to visible light because of its relatively large
bandgap, a major osbtacle that hinders its practical applications. The majority of

synthetic Nb,Os-based materials are only active under the illumination of ultraviolet
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light that constitutes only a small fraction (< 5%) of the entire solar spectrum.
Generally, N-doping was found to be effective for visible light harvest due to the
narrowed bandgap by mixing N2p and O2p states, an effect similar to that found in
Ti0,."* It should be noted that recently, a weak visible light response was obtained
from a NbyOs/Cr,Os/Carbon cluster composite material by introducing carbon
cluster as a visible light adsorption site and an electron transfer bed, synthesized via

a high temperature calcination method.'”

1.6 Carbon Growth Mechanism under TEM

1.6.1 Introduction of TEM

Transmission electron microscopy (TEM) is an analytical technique on
microstructure investigation in material science whereby a beam of electrons is
accelerated (accelerating voltage: 80-500 kV) before transmitting through an
ultrathin specimen (specimen thickness: < 100 nm), and interacting with the
specimen as it passes through. Therefore, an image can be formed from the sample-
specimen interaction, which is then magnified and focused on an imaging device
(fluorescent screen), and recorded by a sensor such as an CCD (charge-coupled

device) at an atomic resolution.

Furthermore, the sample-specimen interaction is actually rather complex which

produces various signals that contain information about sample morphology,
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chemical composition and other properties. For example, the transmitted electron
beam is inversely proportional to the thickness and atomic number of specimen, thus
can be used to generate mass-thickness contrast image (either bright field or dark
field). The energy loss of the elastically/in-elastically scattered electrons is quite
concerning with the atomic species in the sample, so can be used to analyze the
chemical composition of the sample (which is sensitive to light atoms). In addition,
the sample atoms also have the possibility of emitting their characteristic X-rays
upon excited by the incident high energy electron beam, which can be collected to
further extract the chemical composition of the sample (which is sensitive to heavy
atoms). In brief, with the help of varieties of functional modifications, modern TEM
is quite powerful and suitable for characterization in material science,

nanotechnology, and biosciences.

Beside of simply recording static images from the sample, recently, with appropriate
experimental design, scientists are trying hard to observe in real time (in-situ) how
the physicochemical process (chemical reaction, material deformation,
phase/morphology change upon electrical/magnetic field, etc.) happens inside TEM
and are starting to gain initial successes.'® Therefore, the traditional structure-
property relationship is possible to be further extended as structure-processing-

property relationship, which should be of such help for us to understand the nature.
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1.6.2 Carbon Growth Mechanism Revealed by TEM

Carbon are always the most important material for human life, and carbon
nanostructures are of such special perspectives that they were unprecedentedly
honored two Nobel prizes (fullerenes at 1996 and graphene at 2010). The growth of
various carbon nanostructures therefore has been intensively studied, and TEM has

proven to be an invaluable tool in understanding the mechanism involved.'®' ™%

In 2004, Helveg et al. presented the first time-resolved, high-resolution, real-time
TEM work of the formation of carbon nanofibers from methane decomposition over
MgALO, supported nickel nanocrystals.'® Carbon nanofibers are observed to
develop through a reaction-induced reshaping of the nickel nanocrystals. Specifically,
the nucleation and growth of graphene layers are found to be assisted by a dynamic
formation and restructuring of mono-atomic step edges on the nickel surface. Then
in 2007, Rodriguez-Manzo et al. reported for the first time the nucleation of a carbon
nanotube on the spherical surface of a catalyst particle.'®* Their result shows that
there is direct bonding between the tubes and the metal surface from which the tubes
sprout and can be explained by bulk diffusion of carbon through the body of the
catalytic particles. Furthermore, in 2014, in the climax of graphene research, Rosmi
et al. published their in-situ TEM visualization of a solid phase reaction process to

achieve Cu assisted growth of graphene nanoribbon.'®®
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All the above works are of significant importance in understanding the mechanism
behind the carbon nanostructure growth. However, for the most acceptable growth
mechanisms of carbon materials, vapor-liquid-solid and solid-liquid-solid models,'®
few result can be referenced. This is generally because that, it is of extreme difficulty

in introducing the decisive liquid intermediate (melting catalyst) in these processes

to the high-vacuum (up to 10" Pa) TEM chambers, which is quite worthy of noting.

1.7 Motivations of the Project

With reference to the literature review and an overview of works related to using
carbon-based composite cathode materials for LIBs (with our special focus on
LVP/C material) and photocatalytic (Nb,Os) applications above, it can be
summarized that it is of both scientific and technological importance together with
application perspective which draw such a broad range of interest in this specific
domain. Hence more than many efforts have been contributed to seek the rational
and applicable composited nanostructures and try to open up the abundant
connotations, either physically or chemically, so as to satisfy the final market
demand. However, despite the success of synthesizing and characterizing diverse
composite structures, a number of issues remain to be addressed. For instance, we
have yet to find electrode materials with high specific capacity as well as long
lifespan for efficient LVP/C composites. For Nb,Os-based photocatalysts, improved
photocatalytic performance together with extended active region are still in hot

pursuit. It would also be essential to develop more novel composites so that the
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structure-property relationship of the composite can be thoroughly understood. Few
if any attempt has been made to comprehend the growth mechanism and the function

of process parameters under most synthetic approaches.

In an attempt to overcome these obstacles, the first objective of this thesis is to
conduct a series of experiments to synthesize a range of rationally designed carbon-
based  composites. The second  objective is to study  the
electrochemical/photocatalytic performances of these composites to ensure that they
have enough potential for the proposed applications. The final objective is to
understand the growth mechanism of carbon on host materials. It is anticipated that
our as-developed synthetic approaches could be extended for use to other materials

facing similar challenges.

1.8 Scope of the Work

The overall objective of this thesis is to fully examine the rational design and facile
synthesis of LVP/C and Nb,Os/C composites by means of structural
characterizations and property measurements, as well as to understand the
mechanisms behind the composite formation and electrochemical/photocatalytic

behavior.

This thesis is organized as follows:
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A systematic review of the recent relevant work is presented in Chapter 1 including a
brief introduction on LIBs, the state-of-the-art cathode materials for LIBs, recent
synthetic contributions to LVP/C composites, general descriptions of photocatalysts
and Nb,Os material, as well as a brief introduction to the TEM understanding of

carbon growth.

In Chapter 2, a facile carbothermal reaction is utilized to produce LVP/C micro-nano
composite which features porous carbon nanoflakes entangled three-dimensionally
on single-crystalline LVP microrods. Such composite shows improved
electrochemical performance (especially the excellent rate capability) with
exceptionally high tap density, a result that may be attributed to its novel hierarchical

mesoporous—macroporous structure.

In Chapter 3, LVP/C core-shell nanospheres were incorporated into porous carbon
framework via simple hydrothermal reaction. The hierarchical nanocomposite
exhibited superior electrochemical properties with impressive stable cycling, even at

very high current rate.

In Chapter 4, a novel nanocomposite of graphene nanoclusters decorated on Nb,Os
nanofibers was synthesized using electrospinning technique and hydrothermal
treatment. The Nb,Os/C composite extended the active region of Nb,Os material
significantly, and hence, displayed an improved photocatalytic behavior in

degradation organic dyes.
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Chapter 5 mainly focuses on our attempt to understand the growth mechanism of
nanostructured carbon on host particles. We made direct observations on the
transition of amorphous carbon into graphene nanostructures at liquid-solid
interfaces through transmission electron microscopy. Amorphous carbon was found
first nucleated into nanoclusters at step-edges on particle surface before merging into

graphene layers through kinetic restructuring via oriented-attachment.

Important findings, achievements and implications brought by the current study are

summarized and presented in Chapter 6.
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CHAPTER 2 HIGHLY ENTANGLED CARBON
NANOFLAKES ON LVP MICRORODS FOR

IMPROVED CATHODE PERFORMANCE

As reviewed in the previous chapter, LVP is such competitive in LIB applications,
however, the low intrinsic conductivity plus the practical difficulty in realizing
robust structure significantly hinder its large-scale deployment. Herein, a new-
concepted “core/shell” configuration is established to suggest a pragmatic solution,
by making porous carbon nanoflakes three-dimensionally entangled on single-
crystalline LVP microrods. The LVP/C composite performs as superior cathode
material with high capacity, stable cycling, and high rate capability. Hence, our
design effectively tackles several urgent technological barriers of LVP material,

making it suitable to meet the emerging applications.

2.1 Introduction

In response to the growing concern about world energy crisis and greenhouse effect
caused by substantial consumption of fossil fuels, LIBs have become increasingly
popular over the past two decades. LIB is considered to be one of the greatest

1,2,56,58

successes of modern materials electrochemistry, yet the performance of this

battery chemistry has been limited using the current electrode and electrolyte
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systems. One of the most urgent tasks in advancing LIB technology therefore would
be to explore new-fashioned cathode material, which not only dominates the
electrochemical behavior of the whole battery but also determines large the

45.55 . . . . .
~> To date, besides conventional LiCoQO,, scientists’ focus on

manufacturing cost.
cathode materials switched among layered mixed metal oxides (e.g.,
LiNipgCoo.15Alp05s0, or LiNij3Co3Al1150,), spinel oxides (LiMn;O4), and
polyanion-based compounds (LiMnPOy, LiFePO,, etc.).”*'’*' Due to its rich
reserve on earth, competitive energy density and remarkable thermal stability,
monoclinic LVP has emerged as one of the most promising battery materials for
next-generation lithium ion batteries. Specifically, LVP holds extra advantages
including stable framework, high operating voltage, and large capacity. Theoretically,
LVP can reversibly deliver 3Li" when completely charged/discharged within a
potential window of 3.0-4.8 V vs. Li", yielding a maximum discharge capacity of
197 mAh g'. It also possesses a reversible capacity of 133 mAh g between 3.0-4.3
V based on V**/V*" redox couple and thus, LVP has been frequently proposed to be

used in newly emerging applications including EVs and portable electronics.!”*17¢

However, like other lithiated transition metal phosphates, the intrinsic electronic
conductivity of LVP is rather low, a fatal drawback that greatly hinders its practical
applications.'’® To improve the electrochemical performance of LVP as in the case of
LiFePO,, conductive coating (carbon, RuO,, conductive polymers, graphene, etc.)
174,177-182

or doping (Fe, Cr, Mg, Al Ti, etc.)'””'™ % has become essential.”

Apparently, carbon coating is among the most economical and the most effective
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approaches.** According to the literature, ordinary core-shell carbon coating, i.e. by
homogeneously distributing a thin carbon layer on the surface of the host material
particles, can efficiently improve the electrochemical performance.'’*!7"182-186-189
However, such process often puts a stranglehold on the specific surface area of the
active material and is likely to make perfect coating impossible.** On the other hand,
although highly porous carbon/LVP heterostructures could generally hold large
specific surface areas and hence, facilitate the electrode/electrolyte contacts, these
structures inevitably yield low tap density and therefore low volumetric/gravimetric
energy density, an essential consideration for industrialization.'”*"**"*® In view of all
these an ideal composite structure for LVP/C should therefore primarily consist of
reasonably sized LVP crystallites to ensure high tap density and integrated with a

secondary nano-architectured carbon coating to assure stable solid electrolyte

interface (SEI).

Inspired by the above discussions, we would like to contribute here in this chapter a
rational engineering of LVP/carbon micro-nano composite as a pragmatic solution
for positive electrode in lithium ion batteries. Superior cathode material was obtained
by making porous carbon nanoflakes grown erectly on well-crystallized LVP
microrods, namely, a completely new style “core-shell” structure. In view of its
facility in terms of facile synthesis and rational structure, our method is noticeably
more effective than other methods, i.e. by either directly coating active materials
with thin carbon layers or simply enwrapping active materials into carbon networks.

The power of our designing was grounded on the hierarchical porosity derived from
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three-dimensionally entangled porous carbon nanoflakes in “shell” part, together
with excellent manageability and high tap density stemmed from single-crystalline
LVP microrods in “core” part. In particular, the highly entangled carbon nanoflakes
not only contact with electrolyte effectively to maintain SEI for stable cycling, but
also the void volumes between flakes further serve as electrolyte containers for high-
rate charging/discharging. It is because of the dual functional carbon nanoflakes and
the reasonably sized LVP crystallites that the as-designed composite displayed great
improvements in electrochemical characteristics when it is used as the cathode

material

2.2 Experimental Section

2.2.1 Synthesis of LVP/C Composite

A facile ball-milling procedure followed by a solid-state carbothermal reduction
reaction synthesis route was applied to prepare LVP microrods/carbon nanoflakes
composite. Typically, stoichiometric amounts of raw materials including
CH;COOQOLi-2H,0 (15 mmol), NH4sVO; (10 mmol), NH4H,PO4-2H,0O (10 mmol),
and sucrose (Ci2H2,01;, 17.5 mmol) were homogeneously mixed in ethanol (100 mL)
by high-energy planetary ball-milling for 12 h then aged for another 12 h in tanks
after operations. After being dried in an electronic oven at 80 °C for 24 h, the gel
remains was grounded thoroughly before it was delivered to heating process. To

form the LVP/C composite, the gel precursor was first heated (heating rate 5 °C/min)
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in a tube furnace at 450 °C for 2 h, followed by milling then heated at 850 °C for 12
h. The whole process was protected by a constant argon flow (see following). After
cooling (10 °C/min) to room temperature, the products were obtained by collecting

the as-heated powder.

Simultaneous thermogravimetric analysis & differential scanning calorimetry (TG-
DSC) profile of as-dried gel precursor under protective argon atmosphere is
presented in Figure 2.1. A major weight loss segment accompanied by a clear
endothermic process took place before 400 °C, suggesting the decomposition of
various raw materials. The weight loss continued until about 750 °C together with a
series of evident exothermic phenomena, implying the end of carbothermal reaction
beyond 750 °C. In this case, a decomposition temperature of 450 °C and an
annealing temperature of 850 °C were applied in our synthesis process to obtain

well-crystallized LVP/C composite.

FEI Linfeng 40



.-&)\_ THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 2

100 <

95

Weight (%)

85

80

) v ) v ] . ) M ) ] L) b ]
100 200 300 400 500 600 700
Temperature ( C)

Figure 2.1 TG-DSC profiles of as-dried gel precursor under flowing argon.

2.2.2 Structural Characterization Methods

TG-DSC analysis was performed on a NETZSCH STA 449 C Jupiter® system under
flowing argon/oxygen. XRD measurements were taken using a Rigaku SmartLab
Intelligent X-ray Diffraction System with filtered Cu Ko radiation (A = 1.5406 A,
operating at 45 kV and 200 mA). Rietveld refinement of XRD profiles were
calculated by an integrated X-ray Powder Diffraction Software Package (PDXL Ver.
1.8.1.0, Rigaku). Raman measurements were taken using a Horiba Jobin Yvon
LabRAM HR800 System with a laser wavelength of 480 nm. Scanning electron

microscopy (SEM) observations were made on a JEOL 6335F system (operating at
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10 kV). Transmission electron microscopy (TEM) images and energy dispersive X-
ray spectrums (EDS) were obtained through JEM 2100F (field emission)
transmission electron microscopes equipped with an Oxford INCA x-sight EDS
Si(L1) detector at an acceleration voltage of 200 kV. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) was conducted on a PerkinElmer Optima
7300 V Spectrometers. The nitrogen adsorption and desorption isotherms at 77.3 K
were obtained with a Micromeritics ASAP 2020 M+C Physisorption system. The tap
density of the LizV,(PO4)3/C composite was measured by placing 5 g of sample into
a small glass vial before tapping it by hand for 30 minutes until there was no visible
volume reduction. The tap density was then determined from the tapped volume and

- - 191,192
its original mass.

2.2.3 Electrochemical Measurements

Electrochemical performance measurements were taken using 2016 coin-type half-
cells which were assembled in a glove box filled with protective argon gas. The
cathodes of the test cells were made from the active material, conductive Super P,
and a poly(vinyl difluoride) binder (HSV900) in a weight ratio of 80 : 10 : 10. The
cathode slurry was prepared by thoroughly mixing a N-methyl-2-pyrrolidine solution
with the active material, Super P, and a poly(vinyl difluoride) binder. Consequently,
the resulting slurry was deposited on aluminum foil (20 pm) and roll-pressed before
the entire assembly was dried in a vacuum oven at 120 °C overnight The average

loading of the electrode is around 4.0 — 4.5 mg cm™. Pure lithium foil was used as
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the anode, and a polypropylene separator (Celgard, 25 um) was used to separate the
cathode and the anode. A 1 M LiPFs solution in ethylene carbonate and diethyl
carbonate mixed at a weight ratio of 1:1 was adopted as electrolyte in the test cells.
The cyclic voltammetry performances were tested on the CHI 660B electrochemical
workstation. The discharge and charge measurements were made on a Land battery

test system in a voltage window of 3-4.3 V at room temperature at different rates.
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2.3 Structural Characterizations

The LVP/C composite was synthesized via a facile method, combining both the ball-
milling procedure and the solid-state carbothermal reduction reaction as shown in

Figure 2.2 (see also the Experimental Section).

Ball-milling | . . Argon Flow | \
Drying . Annealing -

Li;V,(PO,}; Embedded Carbon Sheets on
® uiviro), precurser in Sucrose Matrix Li;V,{PO,); Rods
&  Sucrose [C,H,0,,)
[] sokent

b C

Li,V,{PO,), Rod

Carbon Sheets

Figure 2.2 Schematic illustration of (a) formation process of carbon nanoflakes on
LVP microrods heterostructured composite, (b) sketched morphological features and

(c) proposed cross-sectional Li'/e” transfer mechanism in LVP/C composite.
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Figure 2.3 (a) XRD profile and (b) Raman spectrum of the as-prepared LVP/C

composite.
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Figure 2.4 Rietveld refinement of XRD profile for LVP/C composite. The observed
and calculated intensities were indicated by black line and purple stars, respectively.

The bottom blue line represents the fitting residual difference.

Table 2.1 The lattice constants of LVP calculated by a Whole Powder Pattern Fitting

(WPPF) method.

a (ang.) b (ang.) ¢ (ang.) 0 (deg) P (deg) Y (deg)

8.6106(5)  8.5951(5)  12.0423(7)  90.000000  90.565(3)  90.000000
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Table 2.2 Atomic sites and fractional coordinates of LVP/C:

Atom X y z

Li2 0.934000 0.312000 0.226000

V1 0.251030 0.459350 0.109360

P1 0.106900 0.099600 0.158600

P3 0.039500 0.250900 0.488500

02 0.148200 0.976900 0.240400

04 0.161800 0.260900 0.184500

06 0.695900 1.004500 0.284100

08 0.643700 0.293300 0.314300

010 0.930700 0.319400 0.402800
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012 0.105900 0.366200 0.576100

* The reliable factors are Rwp=9.22%, Rp=6.94%, and Re=7.77%.

Figure 2.3a & 2.4 shows the powder XRD profile of the as-synthesized LVP/C
composite which can be well indexed into the monoclinic space group P2;/n
(a=8.0106 A, b=8.5951 A, c=12.0423 A, and p=90.565° from Rietveld refinement,
see Table 2.1 & 2.2). The intense reflection peaks corroborate high crystallinity. A
trace of Li3PO4 impurity phase was observed (denoted by red star) due to possible
loss of vanadium during heat treatment. No obvious peaks corresponding to graphite
can be found, implying the carbon content in the sample is not well crystallized. In
order to study the nature of the carbon content in the composite, the Raman spectrum
was captured and is presented in Figure 2.3b. As can be seen, the characteristic
signatures located at ~1360 and ~1600 cm™ are attributed to the D-band (disorder-
induced phonon mode) and G-band (E,, vibrations of graphite) of carbon,
respectively.'”® These results reveal that the as-synthesized product is composed of

LVP crystallites together with partially graphitized carbon.
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Figure 2.5 Thermogravimetric profile of the LVP/C composite heated in synthetic air.

ICP-OES was employed to disclose the exact elemental composition of the product
and the result suggested that the chemical composition of the composite contains
86.33 wt% LVP and 13.67 wt% carbon. Thermogravimetric analysis was also
adopted to confirm this result. In order to completely remove the carbon content, the
LVP/C composite was heated in synthetic air flow within the temperature range from
room temperature to 900 °C. Meanwhile, thermogravimetric profile was recorded as
shown in Figure 2.5. The weight loss is a result of the complete removal of carbon
and oxidation of vanadium elements in the composite (from V3" to V™). Thus the
carbon content is estimated to be about 13.19% according to the reported method,'**

and 1s consistent with the ICP-OES result.
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Figure 2.6 Typical (a) TEM micrograph, (b) the corresponding SAED pattern from

an isolated LVP/C microrods.

Figure 2.7 (a) HRTEM image of the LVP/C composite. (b) and (c) are associated
FFT patterns from the LVP part and the carbon part in (a), respectively. (d) The EDS
profile acquired from the LVP/C composite. (a) — (d) are all acquired from an

unsupported region as guided by the white dashed box in Figure 2.6(a).
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Figure 2.8 Typical (a) low-magnification and (b) high-magnification SEM

micrographs of LVP/C composite.

The morphological and microstructural information of as-synthesized product was
then characterized by high-resolution transmission electron microscopy (HRTEM)

and SEM. As shown in the TEM images in Figure 2.6a and 2.7a, the nearly-
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orthogonal 1.21/0.61 nm lattice fringes correspond to the (001)/(110) planes of
monoclinic LVP, respectively. These results clearly show that the product is made up
of a LVP microrod acting as the “core” part with the many porous carbon nanoflakes
randomly standing on it as “shell” part (Figure 2.2). The associated selected area
electron diffraction (SAED) pattern in Figure 2.6b is indexed to be projected along
[110] zone axis from the monoclinic LVP (note: the blurry intensity of Figure 2.6b is
caused by the diffuse reflection from the non-uniform carbon layer), and both fast
Fourier transform (FFT) patterns as shown in Figure 2.7b and 2.7c are also well
assigned to LizV,(PO4); and weak-crystallized carbon, respectively (arc of 0.34 nm
in diameter in Figure 2.7c corresponds to d-spacing of graphite (002) planes).
Repeated observations among different LVP rods proved that they all belong to a
single crystalline nature with the same preferential growth direction along the
direction perpendicular to (001) plane as revealed in Figure 2.6b. The EDS in Figure
2.7d further verifies a rough molar ratio of 2:3 for vanadium and phosphorus
elements in the composite, in accordance with its chemical formula. Combining
these data with SEM micrographs in Figure 2.8, it can be concluded that the product
is of high yield and has high uniformity made up of well-dispersed LVP microrods
(300-500 nm in diameter and 4-5 pm in length) integrated with irregular porous
carbon nanoflakes (tens of nanometer in thickness and hundreds of nanometer in
height) densely grown on the microrods. These anisotropic-shaped microsized LVP
rods and the irregular entangled carbon flakes on these rods’ surfaces could
effectively prohibit the aggregation of the LVP/C particles (Figure 2.8a & 2.8b); thus,

making this composite suitable for mixing with conductive additives or binders
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during the process of manufacturing real batteries. A tap density of as high as 1.4 g
cm” was also reported from our composite structure, a figure far higher than that of
previous micro-/nanocrystallites of LVP/C composites (typically reported as 0.6-0.9
g em” for microcrystallites and 0.3-0.6 g cm™ for nanocrystallites) and almost
comparable with that of pure LVP microparticles from conversional solid-state
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Figure 2.9 Nitrogen adsorption/desorption isotherms of the LVP/C composite. Inset

is the pore-size distribution plot calculated by the BJH formula in the desorption

branch isotherm.

In order to further examine the pore structure of the as-synthesized composite, a
nitrogen isothermal-adsorption technique was employed. Figure 2.9 shows the

results from adsorption-desorption isotherms and the corresponding Barrett-Joyner-
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Halenda (BJH) pore-size distribution curves of the sample. Typical hysteresis of
nanoporous system can be identified within the relative pressure range of 0.5~1.0
according to the International Union of Pure and Applied Chemistry Regulation,'”®
resulting in a comparable surface area to that of conventional carbon coated-LVP

. 1197
materials.

The BJH pore-size distribution, as shown in the inset, suggests that the
composite has mesopores of about 3.9 nm and 23.6 nm in diameter. By comparing
analysis of Figure 2.9 and TEM investigation (Figure 2.6a & 2.6¢), it can be

concluded that these two kinds of pores can be respectively attributed to porous

carbon flakes themselves and the void spaces between flakes.

2.4 Electrochemical Performances

Take the above into accounts, our LVP/C composite is expected to perform well as
cathode material in lithium cells. To verify this assumption, the electrochemical
characteristics of our composite with respect to Li' insertion/extraction were
thoroughly evaluated at room temperature from a coin-type half-cell by using Li foil
as anode, and the results are presented in Figure 2.10, 2.11 & 2.12. The findings
show that the cyclic voltammetry (CV) curve for the first cycle at a scanning rate of
0.1 mV s (see Figure 2.10) displays a typical behavior of LVP-based electrode
containing three pairs of oxidation/reduction peaks in the potential range of 3.0-4.3
V.'” As can be seen, three pairs of oxidation and reduction peaks appear in the first
cycle. The first two anodic peaks at 3.64 and 3.72 V agreed with the removal of first

Li" through two steps, corresponding to an ordered Li, sV2(POy); intermediate phase
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and a Li;Vo(POy); phase.'>® Then the second Li” was extracted by one step at 4.16
V to form LiV,(POs)s. The three cathodic peaks located at 3.46, 3.54, and 3.89 V are

associated with the reinsertion of the two Li*, resulting from the V*/¥** redox

couple.
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416
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Figure 2.10 Cyclic voltammetry curve of synthesized LVP/C composite for the first

cycle at a scan rate of 0.1 mV/s in the cell potential range of 2.5-4.3 V.
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Figure 2.11 Electrochemical characteristics of LVP/C composite tested between 3.0

V and 4.3 V at room temperature. (a) Discharge voltage profiles plotted of the 1%,

10™,20™, 30™, 40™, 50™ and 60™ cycles at a rate of 0.1. (b) Cycling performance of

the composite at rate of 0.1C.
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Figure 2.12 Electrochemical characteristics of LVP/C composite tested between 3.0
V and 4.3 V at room temperature. (a) Rate capabilities of the composite with
increasing rates from 0.1C, 0.5C, 1C, 2C, 5C and 10C at first cycle, then back to

0.1C. (b) Galvanostatic cycling behavior at various rates from 0.1C to 10C.
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Subsequently, the representative discharge voltage profiles of the LVP/C cathode at
a current rate of 0.1C (1C = 1 h™' x 133 mAh g’ = 133 mA g") in the voltage
window of 3.0-4.3 V were recorded and presented in Figure 2.11a. It can be seen that
three clear plateaus were located at around 3.5, 3.6 and 3.9 V in each profile and are
in good agreement with the CV results. The battery exhibited a discharge capacity of
126.5, 125.2, 125.0, 124.8, 124.4, 124.1, 124.0 mA h g for cycles 1, 10, 20, 30, 40,
50, 60, respectively. The cycling performance tested at rate of 0.1C and in the
potential range of 3.0-4.3 V is shown in Figure 2.11b. The results show a superior
cycling stability with a final specific capacity retention of 98% (0.1C after 60 cycles).
To fully examine the electrochemical performance of our LVP/C cathode at higher
current rates, the as-fabricated cells were then cycled at different rates ranging from
0.1C to 10C (Figure 2.12). As shown in Figure 2.12a, the LVP/C cathode delivers an
initial discharge capacity of 127.1 (0.1C), 123.8 (0.5C), 122.0 (1C), 120.6 (20C),
117.9 (5C), 113.4 (10C), and then back to 124.1 mA h g ' (0.1C), respectively.
Surprisingly, plateaus remain visible at high discharging current rates. Figure 2.12b
shows the overall rate capability test of 0.1C-10C-0.1C, revealing a significant and

reversible rate performance.

Among repeated observations, our findings reflect that the LVP/C cathode possess
both outstanding cycling stability and a good rate capability, and its performance is
almost comparable with recently reported LVP/Carbon or LVP/Graphene
cathodes.™"**'%7 Such impressive electrochemical performance could be attributed

to several factors (Figure 2.2c). Firstly, the single-crystalline nature of LVP

FEI Linfeng 58



.-&)\_ THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 2

microrods plays an important role. In contrast to polycrystalline samples, cathode
materials of single crystallinity generally show higher structural stability and contain
fewer defects, and hence possess better reversibility and capability.”’ Secondly, the
conductive carbon coating on the LVP microrods greatly improves the electronic
conductivity of the as-fabricated cathode, resulting in charge-transfer resistance
reduction and therefore better electrochemical performance. The carbon shell also
effectively restricts each LVP microrod during expansion and contraction caused by
insertion/removal of lithium ions, bringing extra structural stability among repeating
charge/discharge processes.** Furthermore, the featured hierarchical mesoporous-
macroporous structure originated from entangled carbon nanoflakes could decisively
enlarge the contact areas between electrode and electrolyte, and thus increase the
active sites for lithium ions and facilitate the migration of Li'/e” to reach each
individual LVP/C crystallite.'”® It should be noted that in comparison of nanosized
counterparts of LVP cathodes,'"*'®"1%17 although the gravimetric capacity or rate
capability of the as-synthesized LVP/C composite has not improved greatly, its ultra-
high tap density should produce a much higher volumetric capacity than that in
previous works and thus making it much more suitable and practical for marketing

applications, such as thinner notebooks and smaller electronics.

2.5 Summary

In summary, we succeeded in synthesizing homogeneous LVP microrods with three-

dimensionally entangled carbon nanoflakes on their surfaces at a high yield via a
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facile ball-milling process with carbothermal reaction. The battery based on this
LVP/C cathode exhibited high cycling stability and high rate capability, two unique
microstructural qualities of LVP/C hierarchical composite. In addition, the as-
synthesized LVP/C composite possesses remarkably high tap density, leading to a
substantial improvement in this promising material’s volumetric capacity. It is worth
noting that the methodology adopted in this work could be easily extended to other
lithiated metal phosphates such as LiMnPO,4 and LiFePOy, and is ready to be scaled

up for industrial production.
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CHAPTER 3 HIERARCHICALLY POROUS
CARBON COATING ON LVP NANOSPHERES

FOR STABLE CATHODE

On the basis of the previous study, we further optimize LVP/C composite for
practical applications in LIBs, especially for high-power scenarios. Another
hierarchical nanocomposite, LVP/C core-shell nanospheres embedded in porous
carbon frameworks, is designed and realized. The novel nanocomposite exhibits
significantly improved electrochemical performance, such as long-term stability
upon cycling, superior rate capability, and high discharge capacity when compared
to previous LVP-based materials. Furthermore, the exceptional cycle stability and
power capability of the nanocomposite is directly attributed to its unique nanoscale
architecture by our detailed microstructural analysis. Therefore, we believe that our

findings suggest a potential candidate for future 4 V-class batteries.

3.1 Introduction

LIBs have proved themselves one of the most successful energy storage systems for
a wide range of modern applications, including electrical vehicles and consumer
electronics, resulting from their high energy density, high power, and long

lifespan.*° At present, a plethora of efforts are unprecedentedly encouraged and
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supported by a majority of nations on seeking of new-fashioned cathode materials,
which are of critical importance in determining the whole battery performance.”
Amongst the prospective cathode materials for next-generation LIBs, LVP with Na
super-ionic conductor (NASICON) framework exhibits its extra fascination due to
the excellent structural stability brought by a three-dimensional polyanion (POg4)*
framework as well as a high redox potential (average potential of ~4 V vs. Li")
compared with that of well-developed LEP (~3.4 V).!0%176:180-186198 \oeaply LVP is

4 182 .
658182 and there is

one of only a few 4 V-class polyanion-based cathode materials,
such an increasing pursuit of 4 V-class electrode materials to replace the current
LCO cathode across the world due to the serious safety, toxicity and price concerns
on the latter. However, the charming vista of LVP applications is significantly
obstructed by its inferior electronic conductivity (o, 2.0 x 10® S cm™) arising from
the inherently separated VOs octahedral arrangement in the crystal structure,'”®'#*1%8
Consequently, in practice, LVP-based LIBs usually deliver limited high-rate

capability and undergo severe capacity fading among repeated charging/discharging

cycles.

Current strategies to conquer the above issue and therefore to enhance the
electrochemical performance of polyanion-based materials mainly focus on particle
size reduction and conductive surface coating. “***°® Size reduction to nanosize
dimension simultaneously shortens the distance for Li' transport across the
particulate electrode and increases the electronic contact area between the electrode

and the electrolyte, leading to fully access of the theoretical capacity plus a long
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1% Nevertheless, nanosized materials are generally synthesized via low-

cycle life.
temperature methods, which results in a relatively poor quality of crystallinity and
hence reduces the electrochemical stability.* Moreover, owing to the high surface
energy, nanomaterials are always favored to be self-aggregated in ordinary batteries,
yielding a giant surface area loss, therefore remaining a remarkable challenge to
fully utilize the advantages of nanosized active materials. Alternatively, conductive
coating (carbon, RuO,, graphene, conductive polymers, etc.) on active material is
also a feasible technique to improve its cathodic performance by virtue of modifying
the surface chemistry and constructing efficient electron pathways.**'**'*” Among
them, a vast majority of work has been concentrated on carbon coating due to its
unique economical and practical advantages (good electrical conductivity, excellent
chemical/electrochemical stability, low cost, etc.) which was also frequently applied
on LVp 02174I80-I82198.200203 Ay jdea]l core-shell carbon coating (i.e. to
homogeneously distribute a thin carbon layer on the surface of the host material
particles) has repeatedly proved its effective enhancement to the electrochemical
performance of cathode materials, but an inevitable drawback associated with such a

process is the difficulty to achieve perfect coating and the costly coating process,

which seriously hinders its potential of scalable manufacturing.**

To mitigate the above-mentioned challenges, we are strongly expecting a rational
design of LVP-based cathode material complying with several aspects, which
include: i) fine-sized and highly-crystallized LVP particles to guarantee stable

cathodic performance. ii) A conductive coating on LVP particles to improve its
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electronic conductivity and to prevent structure degradation upon cycling. iii) A
conductive matrix to ensure dispersive distribution (to avoid self-aggregation) of
LVP particles and to offer three-dimensional (3D) continuous electron pathway. iv)
Sufficient porosity in the matrix to benefit electrolyte infiltration. v) A facile
synthesizing approach is preferred for its future large-scale applications. However, to
the best of our knowledge, the attractive cathode material for LIBs satisfying the
above aspects has never been reported before. Herein, we make our contribution in
this chapter that such a novel LVP-carbon composite material is created by
combining the advantages of hierarchical porous carbon and nanometer-sized
Li3V2(POs); active particles. Superior hybrid material is obtained by incorporating
conformally carbon-coated, well-crystallized LVP nanospheres (LVP/C core-shell
nanospheres) inside micrometer-sized 3D porous carbon networks. This hierarchical
nanostructured LVP/C (hereafter abbreviated as HN-LVP@C) configuration smartly
unites multiple advantageous features, including highly-crystallized and single-
crystalline LVP nanospheres to stabilize the electrochemical cycling, a 3D well-
connected conducting framework, a reasonable meso-macroporous microstructure to
facilitate the electrolyte infiltration, and abundant porous spaces for accommodation
of volume expansion during the electrode charge/discharge. The HN-LVP@C
nanocomposite derived a discharge capacity of ca. 130 mAh g, approaching its
theoretical value (133 mAh g"). Furthermore, at high current rate (10C), it displayed
impressive long cycle life and remarkable capacity retention (90% after 1200 cycles)

together with high Coulombic efficiency (> 99%).
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3.2 Experimental Section

3.2.1 Synthesis of HN-LVP@C Nanocomposite

A facile hydrothermal reaction followed by a solid-state carbothermal reduction
synthesis was adopted here in this work. Typically, a V,0s powder (4 mmol) and 40
ml H,O were mixed under vigorous magnetic stirring at room temperature, and then
10 ml 30% H,0O; was slowly dropped to this mixture and kept continuously stirring
for 30 min to form a transparent burgundy solution. After that, CH;COOLi*2H,0
(12 mmol), NH4H,PO4¢2H,0 (12 mmol) and polyethylene glycol (PEG-600, 3 ml)
were then sequentially added to the solution, forming a light-yellow solution.
Consequently, the resultant solution was adjusted to a volume of 80 ml by H,O
before transferred to a 100 ml autoclave. The autoclave was sealed, kept at 200 °C
for 4 days, and then cooled down to room temperature naturally. The resulting brown
gel-like remainder was dried in an electronic oven at 100 °C overnight, and then

grounded thoroughly before it was delivered to heating process.
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Figure 3.1 Digital images of the color evolution during the whole synthesis process.
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Figure 3.2 TG-DSC profiles of as-dried gel precursor under flowing argon.
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Simultaneous TG-DSC profiles of as-dried gel precursor under protective argon
atmosphere were utilized for determining the heating conditions, as shown in Figure
3.2. A major weight loss segment accompanied by an obvious endothermic process
took place before 400 °C, suggesting the decomposition of the precursor. The weight
loss didn’t stop until about 800 °C together with a series of evident exothermic peaks,
indicating the ending of carbothermal reaction beyond 800 °C. Upon this situation, a
decomposition temperature of 450 °C and an annealing temperature of 850 °C were
adopted in our synthesis process to obtain well-crystallized HN-LVP@C
nanocomposite. Therefore, the precursor was first heated (heating rate 5 °C/min) in a
tube furnace at 450 °C for 2 h, followed by milling then heated at 850 °C for 12 h.
The whole process was protected by a constant argon flow. After cooling
(10 °C/min) to room temperature, the products were obtained by collecting the as-

heated powder (The whole process is recorded as image sequence in Figure 3.1).

3.2.2 Structural Characterization Methods

TG-DSC analysis was performed on a NETZSCH STA 449 C Jupiter® system under
flowing argon. Powder XRD measurement was taken using a Rigaku SmartLab
Intelligent X-ray Diffraction System with filtered Cu Ka radiation (A = 1.5406 A,
operating at 45 kV and 200 mA). Rietveld refinement of XRD profile was calculated
by an integrated X-ray Powder Diffraction Software Package (PDXL Ver. 1.8.1.0,
Rigaku). Raman measurement was taken using a Horiba Jobin Yvon LabRAM HR

System with a laser wavelength of 488 nm. X-ray photoelectron spectroscopy (XPS)
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measurement was performed on an ESCALab 250 (Thermo-VG Scientific) X-ray
photoelectron spectrometer with an Al Ka excitation source. ICP-OES was
conducted on a PerkinElmer Optima 7300 DV Spectrometer. TEM images and EDS
were obtained through a JEM 2100F (field emission) scanning transmission electron
microscope equipped with an Oxford INCA x-sight EDS Si(Li) detector at an
acceleration voltage of 200 kV. SEM observations were made on a JEOL 6335F
system (operating at 5 ~ 10 kV). The nitrogen adsorption and desorption isotherms at

77.3 K were obtained with a Micromeritics TriStar II 3020 M Physisorption system.

3.2.3 Electrochemical Measurements

Electrochemical performance measurements were taken using 2016 coin-type half-
cells which were assembled in a glove box filled with protective argon gas (M.
Braun inert gas systems Co. Ltd., Germany). The cathodes of the test cells were
made from the active material, conductive Super P, and a poly(vinyl difluoride)
binder in a weight ratio of 80 : 10 : 10. The cathode slurry was prepared by
thoroughly mixing a N-methyl-2-pyrrolidine solution with the active material, Super
P, and a poly(vinyl difluoride) binder. Consequently, the resulting slurry was
deposited on aluminum foil (20 pum) and pressed before the entire assembly was
dried in a vacuum oven at 120 °C overnight. The average loading of the electrode is
around 3.8 - 5.1 mg cm™. A pure lithium foil was used as the anode, and a
polypropylene separator (Celgard 2400) was used to separate the cathode and the

anode. A 1 M LiPFg solution in ethylene carbonate and diethyl carbonate mixed at a
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weight ratio of 1:1 was adopted as electrolyte in the test cells. The electrochemical
impedance spectroscopy (EIS) and CV performances were tested using a
Potentiostat/Galvanostat (EG&G Princeton Applied Research 273A). The discharge
and charge measurements were made on a Land battery test system (Wuhan Land
Electronic Co., China) in a voltage window of 3.0 - 4.3 V at room temperature at

different rates.

3.3 Structural Characterizations

The fabrication process and detailed structure of HN-LVP@C nanocomposite is
schematically illustrated in Figure 3.3. The HN-LVP@C nanocomposite was
synthesized via a surfactant-assisted hydrothermal reaction plus a carbothermal
reduction technique. Polyethylene glycol (PEG), a non-ionic surfactant, was adopted
as surfactant in hydrothermal reaction,”®* and subsequently acted as both reducing
agent and carbon source in the carbothermal reaction. The hydrothermal treatment
generated a PEG-capped LVP precursor, leaving some PEG content redundant due to
its highly excessive amount in the start solution (Figure 3.4). Consequently, in the
following carbothermal reaction, LVP precursor crystallized into nanosphered “core”
and the surface-adsorbed PEG carbonized into carbon “shell”; meanwhile, the
redundant PEG formed surrounding 3D porous carbon matrix (The carbonization of
chaos PEG chains led to highly porous carbon networks.) to give the final HN-
LVP@C nanocomposite. It is of noting that our hybrid synthesis route efficiently

coupled the advantages of classical hydrothermal and carbothermal reactions. In our
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case, the growth of LVP crystal was significantly restricted by the carbon shell,
resulting in nanosized spheres with high crystallinity, which is impossible to obtain

from either low-temperature hydrothermal approaches or ordinary solid-state

reactions.
Carban Network
@ Hydrathermal Reaction In-sﬂu Carbonization Conformal Colﬂng_
Surfactant-assisted ‘Qs(camotnennal Reduction ‘o i
e AnnANS Nucloation
0 ~H Li;¥{PO,); Precursor
W H{ \/ﬂ;o Adsorbed & Redundant PEG
Polyethylene glycol (PEG)

Figure 3.3 Schematic illustration of the formation of HN-LVP@C nanocomposite.

a b

Figure 3.4 SEM images of as-dried gel precursor at (a) low and (b) high

magnifications.
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Figure 3.5 (a) Rietveld refined XRD pattern, (b) Raman spectrum, and (c) Survey

XPS spectrum (inset: enlarged V 2p and O 1s region) of HN-LVP@C

nanocomposite.
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Figure 3.6 Sketch of the crystal structure of LVP based on the data from Rietveld
refinement. Lithium atoms: green spheres; oxygen atoms: red spheres; phosphate

tetrahedrons (POs): cyan blocks; and vanadium oxide octahedrons (VOg): pink

blocks.

Figure 3.5a shows the Rietveld refinement of the XRD data of HN-LVP@C
nanocomposite. All visible peaks in the spectrum can be readily assigned to the
monoclinic Li3V,(PO4); (JCPDS Card No. 01-072-7074, space group P2,/n(14)), and
the intense reflection peaks corroborate its high crystallinity. The calculated profile
matches well with the observed one, with refined lattice parameters as a = 8.648 A, b
= 8.634 A, c= 12.096 A, and B = 90.609° (reliable factors Ry, = 7.44%, and S =
1.173). The average crystallite size of LVP is ~50 nm, estimated from the major
diffraction peaks by Scherrer’s formula. LVP possesses a 3D framework consisting
of slightly distorted metal octahedral and phosphorous tetrahedral linked via
common apical oxygen atoms, therefore there are three independent lithium sites as

indicated by green spheres in Figure 3.6."”>!'"® This unique arrangement enables 3D
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pathways for lithiation/delithiation, which is obviously better than that of LiFePO4
structure where only one dimensional pathway is permitted.”” However, the
separated arrangement of transition metal cations (VOg) by phosphate tetrahedrons

(POy) results in very poor electron conductivity, even poorer than pure water.

Then the existence of carbon content in the nanocomposite was verified by Raman
measurements. As shown in Figure 3.5b, the characteristic signatures at ~ 1358 cm™
and ~ 1591 cm™ are attributed to the D-band (disorder-induced phonon mode) and

G-band (Eg vibrations of graphite) of carbon, respectively.'”

In addition, the peak
intensity ratio of D and G bands (Ip/Ig) reflects the degree of crystallinity of various
carbon materials. In our case, an Ip/Ig value of ~ 1 demonstrates that the carbon
content partially belongs to the sp” type, thereby implying good electron
conductivity.””® The combining consideration of XRD and Raman results reveals that

the HN-LVP@C nanocomposite is composed of LVP nanocrystals and fairly ordered

carbon.

Important information concerning about chemical composition and electronic
structure, as well as elemental valences, was further extracted by XPS, as shown in
Figure 3.5c. The binding energy obtained in the XPS survey was corrected for
specimen charging by referencing the C 1s line to 284.60 eV.*"” The V 2p core-level
spectrum (inset in Figure 3.5¢) confirms that the observed value of binding energies
for V 2psp and V 2pyn is consistent with the literature values for V>* in bulk.?®

Furthermore, a rough atomic ratio of Li:V:P:O of about 3:2:3:12 is acquired on the
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basis of the quantification of corresponding peaks, while the carbon content in the
composite is determined to be ~ 26 wt%. Similar elemental composition was also

obtained from ICP-OES measurement.

Figure 3.7 (a) TEM micrograph, (b), (¢), and (d) are corresponding HAADF image,
SEI image and SAED pattern, respectively. ((b) and (c) were both acquired from the
white-dashed square in (a)). (e) High-resolution TEM image of a single nanospheres,
and (f) the associated FFT pattern. (g0 HAADF image from two adjacent
nanospheres, (h) the corresponding SEI image, and (i) the cross-sectional EDS line

profiles along the green line in (g).
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Figure 3.8 (a) TEM image, (b) and (c) are corresponding HAADF and SEI images,

respectively. (b) and (c) were captured from the same region as (a).

Counts (a.u.)
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4 Energy (keV) 8 8 10

Figure 3.9 The EDS profile acquired from the HN-LVP@C nanocomposite.

The morphological and microstructural feature of the HN-LVP@C nanocomposite
was then characterized by TEM and SEM. Firstly, bright-field TEM image, high-
angle annular dark field (HAADF, Z-contrast image) image, and secondary electron
image (SEI) at STEM mode were sequentially captured from the same area, as
shown in Figure 3.7a — 3.7¢ (also see Figure 3.8). These images clearly evidence that
uniform nanospheres (30 ~ 100 nm) are evenly distributed inside a highly porous

matrix (pore size: 3 ~ 20 nm). Following, the SAED pattern in Figure 3.7d is well
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indexed to monoclinic LVP (note: the multi-ring pattern is caused by the collective
diffractions from many nanospheres, and the blurry intensity is brought by the
diffuse reflection from the carbon matrix.). Upon examining a single nanospheres as
in Figure 3.7e, mutual-orthogonal 0.69/0.86 nm lattice fringes corresponding to the
(011)/(100) planes (also see Figure 3.7f, the associated FFT pattern) from LVP
nanosphere can be indexed, as well as partially ordered 0.34 nm lattice fringe
(correspondings to the d-spacing of graphite (002) planes) from the surrounding
carbon matrix. Notably, each LVP nanosphere possesses its conformal carbon

coating (ca. 1 - 2 nm in thickness) among repeated observations (also see Figure 3.8).

Consequently, EDS spectrum was utilized to check the elemental distribution in the
composite. The quantitative EDS spectrum (Figure 3.9) confirmed the existences of
C, V, O and P elements in the nanocomposite, and further verified a rough molar
ratio of 2 : 3 for vanadium and phosphorus elements, in accordance with the
chemical formula as well as the XPS result. No obvious peaks corresponded to other
impurity elements can be observed (The element Li cannot be identified by EDS
detector). The cross-sectional EDS line profiles (Figure 3.71) over two adjacent
nanospheres (the green line in Figure 3.7g. Figure 3.7h from SEI with the same area
as Figure 3.7g also proves that nanospheres are embedded inside the highly porous
matrix.) suggest a synchronized fluctuation of vanadium, phosphorus, and oxygen
contents, remaining the carbon content almost unchanged. In brief, all the TEM
analysis confirmed a hierarchical composited structure composed of porous carbon

networks with embedding LVP/C core-shell nanospheres.
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Figure 3.10 Typical (a) low-magnification and (b) high-magnification SEM
micrographs of HN-LVP@C nanocomposite. (c) Nitrogen adsorption—desorption
isotherms of the HN-LVP@C nanocomposite. Inset: the plot of pore-size distribution

calculated by the BJH formula in the desorption branch isotherm.
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Combining the TEM results with the SEM micrographs as shown in Figure 3.10a, it
is clear that the HN-LVP@C nanocomposite appears to have a sub-micrometer or
micrometer size with irregular shape. It can be also depicted that most LVP
nanospheres are well embedded inside the carbon “foam”, however, there are still a
few nanospheres exposed to block some pores (denoted by red arrows in Figure
3.10b). To further investigate the pore structure and the Brunauer-Emmett-Teller
(BET) surface area of the HN-LVP@C nanocomposite, nitrogen isothermal
adsorption-desorption measurement was performed. The results are presented in
Figure 3.10c, showing typical type-IV isotherm of a nanoporous characteristic with a
BET surface area of 69 m?g. The corresponding Barrett-Joyner-Halenda (BJH)
pore-size distribution (Figure 3.9c, inset) suggests a continuous existence of pores
ranging from mesopores to macropores, with two peaks centered at 4 and 23 nm,
which is in accordance with the TEM result. This innovative meso-macro porosity is
expected to facilitate the penetration of electrolyte and to afford ample interfacial
contact, thereby vigorously promote the solid state diffusion kinetics of lithium

intercalation.

3.4 Electrochemical Performances

The effect of the novel hierarchical carbon coating on the electrochemical
performance of LVP was thoroughly evaluated at room temperature with respect to
Li" insertion/extraction using a coin-type half-cell, and the results are presented in

Figure 3.11. Firstly, EIS of the HN-LVP@C electrode was investigated on a freshly
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assembled cell, again after the Ist to 4th cycle to understand the electrolyte
infiltration process during the cell charge/discharge. As shown in the Nyquist plot in
Figure 3.11a, a decrease in the total resistance (the resistances from the electrolyte,
charge transfer and interfaces) was observed between the fresh cell and the
sebsequent curves, which could be ascribed to the increasing conductivity of the
cathode after electrolyte infiltration. The diameter of the semicircles remain almost
unchange after the 1st cycle, indicating the formation of a stable solid electrolyte
interface (SEI) due to the efficient electronic/ionic transport through the
hierarchically porous electrodes upon cycling. Next, the CV profile is recorded to
gain deeper understanding on the charge/discharge process of the HN-LVP@C
electrode between 3.0 and 4.3 V. As can be seen in Figure 3.11b, three pairs of
oxidation and reduction peaks could be clearly figured out in the first cycle, which
were consistent with previous reports.'”>'®" The first Li" was extracted via two
anodic peaks at 3.62 and 3.70 V, confirming the exitance of ordered Li;sV2(PO4);
intermediate phase and Li,V(POy); phase. Then the second Li* was removed by one
step at 4.11 V to form LiV,(PO,)s. Three cathodic peaks located at 3.56, 3.64, and
4.02 V are observed owing to the reinsertion of the two Li’, resulting from the

VY3 redox couple.
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Figure 3.11 Electrochemical performance of HN-LVP@C nanocomposite tested
between 3.0 and 4.3 V (versus Li/Li") at room temperature. (a) EIS spectra in the
frequency range between 0.1 Hz and 100 kHz with a vibration of 2 mV. (b) A typical
CV profile at a scanning rate of 0.1 mV/s. (c) Discharge voltage profiles for cycles 1,
10, 20, 30, 40, 50, 60 70, 80, 90, and 100 at 0.1C. (d) Cycling performance at a rate
of 0.1C. (e) Rate capabilities with increasing rates from 0.1C, 0.5C, 1C, 2C, 5C and
10C at first cycle, then back to 0.1C. (f) Discharge capacity and Coulombic

efficiency versus cycle number at a rate of 10C.
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Subsequently, the representative discharge voltage profiles of the HN-LVP@C
cathode at a current rate of 0.1C (1C = 133 mA g) in the voltage window of 3.0 -
4.3 V were recorded and presented in Figure 3.11c. Three clear plateaus at 4.04 V,
3.64 V, and 3.57 V were observed in each profile and are in good agreement with the
CV test. The battery delivered an initial discharge capacity of ca. 130 mAh g,
approaching its theoretical value (133 mAh g'). The corresponding cycling
performance at 0.1C was shown in Figure 3.11d, which demonstrated an excellent

cycling stability with a retention capacity of ca. 124 mAh g at the 100" cycle.
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Table 3.1 Comparison of electrochemical properties among LVP-based cathode

materials in previous reports and current work.

Capacity

Current Rate Cycle Number ‘
Retention

Kim et al.'*
10C 100 92%
LVP/PEDOT
Zhang et al.””
2C 100 77.5%
LVP/C/Si0O,
Chen et al.”®
20C 300 85.6%
LVP/C
Duetal.'™
5C 50 75%
LVP/C
Current Work 10C 1,200 90%

Nowadays, superior rate capability is highly desirable for cathode materials in high
power LIBs applications, such as electric vehicles and hybrid electric vehicles.
Therefore the cycling responses of the nanocomposite cathode at high C rates were
evaluated and shown in Figure 3.11e. The HN-LVP@C cathode delivers a discharge
capacity of 129.2 (0.1C), 123.2 (0.5C), 115.4 (1C), 112.6 (2C), 109.8 (5C), 105.4
(10C), and then back to 129.4 mAh g (0.1C), respectively, revealing an excellent
and reversible rate performance. Surprisingly, the HN-LVP@C cathode possesses

outstanding cycling stability at high current rate with negligible capacity fading.
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After tolerating 1200 cycles at a rate of 10C (Figure 3.11f), the cathode has a
capacity retention of above 90%. It is worth noting that the Coulombic efficiency
was constantly high (> 99%) during the overall battery operation, indicating a good
reversibility at such a high current rate. In comparison with other conductive-coated
LVP cathode materials reported in previous works (Table 3.1), our HN-LVP@C

nanocomposite is significantly superior, especially upon high-power usages.

3.5 Summary

In summary, we have demonstrated in this chapter that the electrochemical
performance of LVP can be notably improved by simultaneous size controlling and
conductive coating. The rational design and facile realizing of such a novel HN-
LVP@C nanocomposite led to an exceptionally cycle stability and excellent high
power capability, which can be directly ascribed to its unique microstructural merits.
The remarkable performance derived from our simple and scalable synthesis
proposes this 4 V-class material one of most promising candidates for future

batteries.
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CHAPTER 4 GRAPHENE NANOCLUSTERS
DECORATED NIOBIUM OXIDE NANOFIBERS

AS VISIBLE LIGHT PHOTOCATALYST

In pursuit of solving various energy and environmental problems, high-performance
photocatalytic materials are extensively studied, in which carbon-based
nanocomposite plays an important role. In this chapter, we report a novel
nanocomposite of porous Nb,Os nanofibers decorated with graphene nanoclusters on
their surfaces. By utilizing such a composite, the active region of Nb,Os has been
significantly extended from UV region to UV-Vis region; and hence, the
photocatalytic performance has also been greatly improved as demonstrated by
comparing with pure Nb,Os and Nb,Os/Carbon nanostructures. Detailed structure
analysis revealed that the performance enhancement originated from the ample
existence of chemical bondings and the unique orientation of graphene layers, which

are quite different from classical “core-shell” composites.

4.1 Introduction

Worldwide efforts have been made to develop high-performance photocatalytic
materials for energy and environmental applications, and titania (TiO,) is probably

the most widely investigated photocatalyst so far. Due to its wide bandgap, TiO, is
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active in the ultraviolet (UV) light range but relatively inert to visible light.'***%2!!

In order to fully utilize solar energy for photocatalysis, researchers attempted to
enhance the visible light photocatalytic activity of TiO, through doping, dye
sensitization, bandgap engineering and etc.'**'*2'7 Among these methods, the use
of sensitization could effectively extend the absorption spectrum of TiO, at a
relatively low cost and is therefore considered to be a promising approach for its
large-scale applications.'*>*'®?!" Functional carbonaceous materials have been

218221 Recently,

utilized to improve the photocatalytic activity for various materials.
graphene are found to exhibit high level of absorption in visible-light region and
could enhance charge separation along the interfaces between photocatalysts and

organic pollutants,'***** 2%

Despite the success mentioned above, there is also a growing interest in developing
material systems other than TiO, for photocatalytic applications. For example, with a
bandgap (E,) of 3.4 eV, niobium oxide (Nb,Os) is a major semiconductor with great
potential for water treatments.'*>*262%° One of the main advantages of Nb,Os is that
it shows long-term stability in photocatalytic process.'* Analogue to TiO,, NbyOs
displays poor photocatalytic activity to visible light due to its large bandgap.'**!>":!%°
This issue could be partially solved by carbon modification in Nb,Os nanoplates

through a solvothermal method."”® Nevertheless, there is still much room for

enhancing the performance of Nb,Os for photocatalytic applications.
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In light of the situation discussed above, we propose to develop a new system-Nb,Os
nanofibers (Nb,Os NFs) decorated with graphene nanoclusters. We chose to work on
NbyOs nanofibers rather than nanoparticles mainly because of their better
handleability.>****' Electrospinning was employed as a feasible and scalable
technique in terms of synthesizing sub-micrometer-sized fibers by utilizing an
electrical charge to draw fibers from a liquid with suitable viscosity.>**** Graphene,
the two-dimensional macromolecular sheet of carbon, exhibits superior electrical
conductivity, mechanical properties and large theoretical specific surface areas.”**>
The introduction of graphene for decorating the surface of Nb,Os nanofibers should
improve the nanofibers’ photocatalytic activity through (1) visible light absorption

originated from the graphene; (2) enhancement of the charge separation because of

the formed conjugated structure.

Herein, in this chapter, we demonstrate a successful attempt for the fabrication of
graphene nanoclusters decorated Nb,Os nanofibers via simple electrospinning
technique plus hydrothermal method. As to be illustrated, the material exhibits
significantly extended absorption spectrum and hence greatly enhanced
photocatalytic activity. A possible mechanism for explaining the visible light activity

is also proposed based on the detailed structure analysis of the composite nanofibers.

4.2 Experimental Section
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4.2.1 Synthesis of Samples

The samples were prepared via an electrospinning process plus a hydrothermal
treatment. The precursor solution for electrospinning was prepared by adding 9 wt%
polivinilpirrolidone (PVP) into a 0.1 mol/L niobium ethoxide solution followed by
stirring for several hours at room temperature.”>® The electrospinning parameters
were: distance between the needle and the collector (Al foil) = 14 cm, applied
voltage = 16 kV, precursor feeding rate = 1 mL/h. After electrospinning, the as-spun
fibers were first dried in oven at 100 °C for several hours and then calcined in a
muffle furnace at 500 °C for 1 hour in air. Samples thus prepared are Nb,Os
nanofibers, hereafter called Nb,Os NFs. 0.1g Nb,Os NFs together with glucose were
then put into a 40 mL Teflon-lined stainless steel autoclave containing 32 mL of
deionized water to produce a 0.5 g/L glucose solution. The mixture was stirred to
form a milk-like suspension, sealed and hydrothermally treated at 180 °C for 4 h.
After cooling, filtration, washing (using deionized water) and drying in oven at
80 °C for 2 h, grey samples were obtained. They are actually Nb,Os NFs coated with
carbon. A series of samples with glucose concentrations varying from 0 to 30 g/L
were prepared. In this paper, we only discuss two samples prepared with a relatively

low glucose concentration (0.5 g/L) and a higher glucose concentration (30 g/L).
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4.2.2 Characterizations

XRD measurements were made using a X-ray diffractometer (XRD, D/Max-RB,
Rigaku, Japan) with Cu Ka line of 0.1541 nm. The morphologies of the as-prepared
samples were observed by means of SEM (SU8020, Hitachi, Japan) and TEM (JEM-
2100F, JEOL, Japan). Ultraviolet—visible (UV—Vis) diffuse reflective spectra were
measured with a UV-vis spectrometer (TU-1950, Beijing Purkinje General
Instrument Co., Ltd, China). The photoluminescence (PL) spectra of the samples
were detected with a Jobin Yvon HR 800 micro-Raman spectrometer using the 325
nm line from a He-Cd laser. XPS spectrum was accomplished using an X-ray

photoelectron spectrometer (ESCALAB 250, Thermo, America).

4.2.3 Photocatalytic Measurement

The visible light photocatalytic activity of the samples was evaluated by degradation
of Methyl Orange (MO) (at natural pH value) under irradiation of a 400 W metal-
halide lamp equipped with a cut-off glass filter transmitting A > 380 nm. The quartz
reaction vessel was cooled by the circling water. For the degradation of MO, the
initial concentration of MO was 20 mg/L with a photocatalyst loading of 1 g/L.
Firstly, the solution was stirred in dark to reach an adsorption-desorption equilibrium
between the organic molecules and the catalyst. Upon irradiation for a certain time
interval, a small amount of the solution was taken and centrifuged; the concentration

of MO was determined by measuring its absorbance at 464 nm.

FEI Linfeng 88



@ THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 4

4.3 Structural Characterizations

Microstructures of all samples were carefully examined through XRD, SEM and
TEM. Figure 4.1a shows the typical SEM image of the hydrothermally treated Nb,Os
nanofibers, which are ~ 200 nm in diameter and several to tens of micrometers in
length. As shown in Figure 4.1b, the XRD measurement indicates that all samples
are well crystallized with a hexagonal structure, matching well with the database
(JCPDS No. 28-0317). The XRD pattern of the sample after hydrothermal treatment
is basically the same as that before the treatment. No diffraction peak was identified
to belong to carbon (which should be located at 20 = 25.6°) due to its low

23
percentage. !
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Figure 4.1 (a) SEM image of sample G@Nb,Os NFs. (b) XRD patterns of Nb,Os
NFs, G@Nb,Os NFs and C@Nb,Os NFs.(c) (d) (¢€)TEM image of G@Nb,Os NFs,
Enlarged TEM image and HRTEM image for G@Nb,Os NFs. (f), (g) TEM and

HRTEM images for C@Nb,Os NFs.

The HRTEM analysis then revealed that the morphology and structure of carbon
coating on Nb,Os NFs are highly dependent on the concentration of glucose in the
hydrothermal step. The sample prepared with a low glucose concentration (0.5 g/L)
was found to have discontinuous graphene nanoclusters formed on the surface of

Nb,Os NFs, as shown in Figures 4.1c to 4.1e. The fringes of the nanocluster implied
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that carbon was partially crystallized with a d-spacing of ~ 0.34 nm, which matched
well with typical data for the interlayer distance in graphite.”'® The Nb,Os NFs were
well crystallized and composed of uniform nanograins. The corresponding lattice
fringe was 0.24 nm, agreeing well with the lattice spacing of the (1101) planes of
hexagonal Nb,Os. On the basis of the structural features discussed above, this sample
is hereafter called G@Nb,Os NFs, meaning graphene nanoclusters decorated Nb,Os

NFs.

For samples prepared with higher glucose concentration (30 g/L), continuous and
uniform graphite layers with a total thickness of ~ 4 nm are found on the surface of
Nb,Os NFs, forming a typical core-shell structure, as shown in Figure 4.1f and 4.1g.
This sample is called C@Nb,Os NFs, meaning carbon layer coated Nb,Os nanofibers.
It should be noted that the orientation of the graphene layers varied with carbon
percentage. For G@NDb,Os NFs, the carbon existed in the form of graphene
nanoclusters with graphene layers laying almost vertical to the axial direction of
Nb,Os nanofibers. In contrast, for the C@Nb,Os NFs, carbon existed in the form of
continuous coating layers, which was parallel to its axial direction of the Nb,Os

nanofibers.

Figure 4.2 shows the HR-TEM images for the samples prepared at intermediate
glucose concentrations. By increasing the glucose concentration from 0.5 g/L to 10
g/L, the carbon changed from graphene clusters to discontinuous carbon layers,

which were consisted of randomly oriented small “carbon sheet”. The evolution

FEI Linfeng 91



@ THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 4

could be clearly seen from Figure 4.2a to Figure 4.2c. However, the small “carbon
sheets” were turned to oriented parallel to the surface of the nanofibers and typical
core-shell structured composite fibers with continuously coated carbon layers could
be seen as displayed in Figure 4.2d (20 g/L). And the thickness of carbon layers on
the surface of the nanofibers was thinner than that of the C-Nb,Os NFs (30 g/L).
Based on the above images, we could conclude that the morphology of the carbon

layers exhibited a close dependence on the carbon content.

Figure 4.2 HR-TEM of samples prepared at (a) 1 g/L, (b) 5 g/L, (c¢) 10 g/L and (d) 20
g/L.The composite nanofibers were prepared at different intermediate glucose
concentrations of 1 g/L, 5 g/L, 10 g/L and 20 g/L. Firstly, the Nb,Os nanofibers were

synthesized. Then, the composite nanofibers were fabricated by the hydrothermal
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method by adding glucose solution of 1 g/L, 5 g/L, 10 g/L and 20 g/L. The
composite nanofibers were first uniformly dispersed in ethanol, and then several
drops of the solution were dipped on a copper mesh to carry out the TEM

characterization.

4.4 Photocatalytic Activity

To further understand the roles played by the graphene nanocluster in the composited
fibres, optical absorption properties of the samples were examined on a UV-Vis
spectrometer. As shown in Figure 4.3a, the bare Nb,Os nanofibers exhibit poor
absorption of visible light and the absorption edge is ~ 380 nm, corresponding to a
bandgap of 3.4 eV (inset of Figure 4.3a). The G@Nb,Os NFs and C@Nb,Os NFs,
however, exhibited much higher visible light absorption up to a wavelength of 800
nm, suggesting much narrowed bandgaps. And the bandgap values were determined
to be 3.1 eV and 2.9 eV, respectively. The absorption enhancement could be caused
by the fact that carbon could absorb visible light and that the improved synergistic
effect may have been a result of the joint electronic system at the interface formed

145,238

between Nb,Os and carbon. Moreover, it has also been reported that graphene

nano-ribbons could form a bandgap.?***°

Herein, the clusters were in such a small
size that a bandgap might be formed and it would be partially responsible for the
visible light absorption in G@Nb,Os. The visible light photocatalytic activities of all

samples were examined through measuring the degradation rate of MO (represented

by the ratio C/Cy, where C and C, stand for the remnant and initial concentration of
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MO) in the presence of the nanofibers under visible light irradiation with wavelength
A > 380 nm. To make the results reliable, control experiments were firstly conducted
under different conditions: (1) in the presence of the photocatalyst but without the
light irradiation and (2) with visible light irradiation but in the absence of
photocatalyst. As shown in Figure 4.3b, the experiments reveal that there is no
appreciable decrease of the MO concentration over the samples after the first 30 min,
indicating an absorption-desorption equilibrium of MO. Besides, a small reduction of
the MO concentration about 5% could be observed after the visible light irradiation
for 5 h, confirming the negligible photodegradation in the system. Following, the
result for the photocatalytic experiments is shown in Figure 4.3c. Bare Nb,Os NFs
displayed poor visible-light photocatalytic activity (degradation efficiency of ~ 20%
for 5 h) due to the relatively large band gap.”® Samples with carbon decoration
showed a much higher visible-light photocatalytic activity: degradation efficiencies
of ~ 95% for G@Nb,0Os NFs and ~ 65% for C@Nb,Os NFs. It is interesting to note
that G@Nb,Os NFs showed the highest efficiency despite of its low carbon

concentration.
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Figure 4.3 (a) UV-Vis absorption spectra of the three samples. (b) Degradation
profiles of MO in the presence of the G@Nb,Os NFs and C@Nb,Os NFs but in the
dark, and with visible light irradiation but in the absence of the nanofiber
photocatalysts. (c) Photocatalytic degradation profiles of MO over the three samples.
(d) Kinetic linear simulations of MO photocatalytic degradation among different

samples.
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Figure 4.4 Photocatalytic degradation efficiency for G@Nb,Os NFs, C@Nb,Os NFs

and samples prepared at intermediate concentrations ranging from 1 g/L to 20 g/L.

The photocatalytic degradation experiments were carried out for the samples of 1 g/L,
5 g/L, 10 g/L and 20 g/L following the process described above. Figure 4.4 shows
the photocatalytic degradation efficiency for G@Nb,Os NFs, C@Nb,Os NFs and
samples prepared at intermediate concentrations ranging from 1 g/L to 20 g/L. It
could be clearly seen that the photo-degradation efficiency of the four samples (1 g/L
to 20 g/L) decreased with the increase of the glucose concentration. And they were
in the range between G@Nb,Os NFs and C@Nb,Os NFs. After irradiation for 5 h,
samples prepared at 1 g/L, 5 g/L, 10 g/L and 20 g/L exhibited degradation efficiency

of 90%, 85%, 85% and 75%, respectively. The decrease of the efficiency indicated a
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carbon-content dependent relationship for our composite nanofibers. With slight
increase of the carbon layer’s thickness, the degradation efficiency obviously
decreased. Figure 4.3d shows -In (C/Cy) v.s. reaction time profiles for the three
samples. According to the results, the photocatalytic reaction constant k was 0.5470
h! for G@NDb,0s NFs, which was almost three times more than that of C@NDb,Os
NFs (k = 0.1950 h™"). The high efficiency of G@Nb,0Os NFs was closely related with
the feature of graphene nanoclusters when compared to C@Nb,Os NFs with typical

core-shell structures.
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Figure 4.5 Photocatalytic degradation efficiency for G@Nb,Os NFs and C@Nb,0Os

NFs in the cycling experiment.

Cyclic photocatalytic experiments were repeated three times for sample G@Nb,Os

NFs and C@Nb,Os NFs. After every photocatalytic reaction, the samples were
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obtained by centrifuging the solution. The collected samples were used in the next
photocatalytic degradation experiment. From the results shown in Figure 4.5, it could
be seen that the efficiency of C@Nb,Os NFs exhibited almost no changes and the
G@NDb,Os NFs showed a slightly decreased efficiency in the second and third
cycling run. However, the obtained efficiency of G@Nb,Os NFs was still much
higher than that of C@Nb,Os NFs. And the stability of the C@Nb,Os NFs could be
mainly attributed to the uniformly coated thick carbon layers. The efficiency
decrease for the G@Nb,Os NFs might be related with the loss of the graphene

nanoclusters during the centrifuging process.

Table 4.1 Comparison on degradation efficiency of popular photocatalysts modified

by graphene or reduced graphene oxide

Degradation
Composite Light Region Morphology
Efficiency
G@NDb,05 Visible Light 95%/300min Nanofibers
RGO-CdS*! Visible Light 90%/120min Nanorods
80%/300min
Best effici i
CdS-GR*# Visible Light (Best efficiency in Nanoparticles
pmethoxybenzyl
alcohol)
G-ZnO** UV Light 80%/240min Nanofibers
ZnO/graphene** UV Light 95%/40min Nanoparticles
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RGO-ZnO** Visible Light 100%/120min Nanoparticles
GO-Ti0,** Visible Light 25%/180min Nanocrystals
Graphene@TiO,’ o ) ' ]
47 Visible Light 70%/200min Nanoparticles
238 - : : Core-Shell
TiO,/C Visible light 84%/360min
Nanofibers
G-TiO,** UV Light 75%/180min Nanoparitcles
249 : : Mesoporous
G-TiO, UV Light 91%/90min
Nanospheres
C-BilzTi020250 Visible Light 120min Nanorods
SnO;- e :
551 Visible Light 100%/40min Aerosol
Graphene
. ) . Core-Shell
Zn,TiO4s@C UV Light 100%/40min
Nanofibers

The favourable photocatalytic activity of our sample was comparable with previous
reports for similar systems like TiO,, ZnO and CdS (in Table 4.1), showing great
potential as a promising visible light photocatalyst.”**********" Dye to the limit of the
relatively large diameter of the composite nanofibers, the efficiency was lower than
some systems with much smaller dimensions, such as RGO-CdS nanorods, RGO-
ZnO nanoparticles, C-Bi;3TiOy nanorods and G-SnO, aerosol 224241:245.250251 e
believed that the efficiency could be further enhanced by reducing the diameter of

our nanofibers.
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Figure 4.6 (a) XPS spectra of C 1s for G@Nb,Os NFs, and the inset figure is the

fully scanned spectra. (b) PL spectra for the three samples.

To better understand the aforementioned synergistic effect for the enhanced visible
light photocatalytic activity, XPS analysis was also conducted to reveal the nature of

contact between Nb,Os and carbon. Figure 4.6a presents the XPS survey spectra of
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G@NDb,0s5 NFs (inset figure) and the enlarged high resolution XPS spectra of the C
Is region around 285 eV. As indicated in the inset spectra, all peaks could be
identified to belong to Nb, O and C, suggesting the coexistences of these elements in
the samples. For the C 1s region, the binding energy with a peak at 284.5 eV was

attributed to the accumulation of graphite carbon.?*>*

In addition to the strong peak
at 284.5 eV, two weak peaks were also observed at 285.8 eV and 288.5 eV,
representing the characteristic signatures of the carbonate with oxygen bound species
C-O and C=0, respectively.”'® Consequently, the XPS results suggested the
formation of carbon-modified Nb,Os nanofibers and the coated carbon species

functionalized as a surface sensitizer to absorb visible light.148 The C 1s result for C-

Nb,Os sample exhibited almost no changes, which is not shown here.

To clarify the deep reason for the enhanced activity, the contact issue should also be
considered which had always been a key factor in the overall performance of a
composite. In a carbon-metallic oxide system, the physiochemical nature of the
contact could vary upon different sample preparing methods. For example, in TiO,-
carbon system, there are generally two kinds of carbon in the composite system. The
first kind is doping, which means certain atoms in TiO, lattice are substituted by
carbon atoms, thus a new energy band structure is achieved. The second one is
surface modification (carbon coating), forming an electronic interaction which was
responsible for the sensitization effect.!*!% In our case, the Nb,Os nanofibers were
modified by the surface coated carbon. This structure not only ensures good

connection but also helps to separate the photo-generated electrons and holes
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effectively. Figure 4.6b presents the PL spectroscopy of the three samples. As shown
in the inset figure, an excitation light with wavelength at 325 nm was chosen and the
bare Nb,Os NFs exhibited the highest luminescence intensity, indicating more
recombination of the photo-generated electron-hole pairs. By contrast, the
recombination of the charge carriers was greatly inhibited in the carbon decorated
samples which could be detected from the much lower emission intensity. Besides
that, the PL emission intensity decreased with the increase of the thickness of the
graphene layers. Therefore, it was reasonable to conclude that effective separation of
the photo-generated electrons and holes pairs could be achieved by the deposition of

graphene layers in vertical and parallel directions.
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Figure 4.7 Proposed mechanisms for the visible light-induced photo-degradation of

MO by the composite nanofibers.
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With the structural information extracted above, mechanisms for the visible
photocatalytic behaviour of our samples and the difference of activity between the
G@Nb,0s and C@Nb,Os NFs were proposed. As shown in Figure 4.7, Nb,Os NFs
can only show UV-light photocatalytic activity via chemical reactions that would
lead to the formation of chemically active radicals (e.g. HO,*), a mechanism already
well documented. However, after coating Nb,Os with carbon of different
morphologies, G@Nb,Os NFs and C@Nb,Os NFs could absorb both UV and visible
light, leading to the excitation of carbon and electrons being transferred to the
conduction band of the Nb,Os, resulting in photocatalytic activity in the visible light

143216224225 por our samples, the alignments of carbon layers were closely

region.
related to the carbon content. The possible mechanism for the carbon-content
dependent photocatalytic performance (shown in Figure 4.4) of the composite can be
proposed. On one hand, higher carbon content would lead to better absorption of
visible light and hence, higher photocatalytic activity. On the other hand, however,
the continuous carbon layer would reduce the exposure of Nb,Os NFs to the light
and would result in more barriers for the transfer of optical charges. Such repetition
between two controversial effects has also been observed in other composite

21> Apart from this factor, the alignment of the graphite layers was also an

systems.
important reason why G@NDb,Os NFs exhibited better photocatalytic activity than
C@Nb,0Os NFs, which was clearly displayed in Figure 4.7b and 4.7c. It is well
known that graphite layers are highly anisotropic materials - the charge mobility

along the directions of graphene layers is much larger than that along its normal

direction. In G@Nb,Os NFs, graphene nanoclusters grew in such a way that the
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carbon sheets were nearly vertical aligned to the Nb,Os NFs, while in C@Nb,Os
NFs, the carbon sheets were parallel to the Nb,Os NFs. The electrons have to pass
through the carbon sheet instead of passing along the sheet to react with the organic
pollutant. Moreover, due to the high specific surface area of graphite layers, the MO
molecules could be adsorbed on the surface. Thus, the vertical-aligned graphene
layers on the nanofibers could not only make full use of the excellent in-plane
conductivity of graphene, but also promote the effective contacts between MO
molecular and Nb,Os/graphene content, leading to the acceleration of the
photocatalytic reaction. The carbon-content dependent photocatalytic performance
for composite samples prepared at various glucose concentrations (shown in Figure

4.4) could be well explained by the proposed mechanism.

4.5 Summary

In summary, niobium oxide nanofibers decorated with graphene nanoclusters were
successfully synthesized via an electrospinning process followed by a hydrothermal
treatment. The composite nanofibers displayed a fairly high photocatalytic activity in
visible-light region, which had never been found in pure niobate nanostructures.
Through analysis, it was found that G@Nb,Os NFs exhibited favourable features in
visible light absorption, charge separation and charge transfer during the
photocatalytic process. The discontinuous coverage and nearly vertical alignment of
graphite layers in G@Nb,Os NFs were important structure factors leading to a high

visible-light photocatalytic activity. Therefore, the graphene nanoclusters decorated
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Nb,Os nanostructures could be a potential candidate for applications of eliminating

organic pollutants in waste water.
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CHAPTER 5 DIRECT OBSERVATION OF
CARBON NANOSTRUCTURE GROWTH ON

HOST PARTICLES INSIDE TEM

In view of our studies on synthesis and applications of carbon-based nanocomposite,
the carbon growth mechanism in nanocomposites is worthy of a further study.
Therefore, we demonstrate in this chapter the direct observation on transition of
amorphous carbon into graphene nanostructures at liquid-solid interfaces by using
HRTEM. We found that the amorphous carbon first nucleate into nanoclusters at
step-edges on Pt3Co surface and then merge into graphene layers through a kinetic
restructuring via oriented-attachment. This observation leads to a clear picture of the
formation mechanism of few-layer graphene along the liquid-solid interface in the
Pt;Co-carbon system; and, to our best knowledge, this is for the first time that a

dynamic and atom-precision monitoring of such interface could be achieved.

5.1 Introduction

Disclosing the mechanism of chemical reaction at atomic level is of great importance
for the structural and outlook design of functional inorganic materials. The
advancing in situ transmission electron microscope (TEM) technique now offers an

exclusive approach towards direct observation of real-time process with atomic
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160,254

resolution. Diversified in situ TEM techniques have enabled direct observations

255,256,166,257

of solid phase reactions, and have also made great contributions to solid-

. . . . . 258,161
gas reactions (by using in situ cells as specimens).”™

These studies have provided
accurate information on crystal growth and catalytic reaction via solid/solid and
solid/gas interactions, and therefore offered valuable guidance in synthesizing novel
nanomaterials and designing of new-fashioned catalysts. However, applying such in-
situt TEM technique into liquid-solid reactions has been long hampered by
difficulties in introducing liquids into high-vacuum TEM systems.”> One possible
solution to overcome this constraint would be to employ sealed liquid cells as TEM

specimens (made up of Si;Ny or Si0,)*% %

yet not only this would involve a
complex specimen packaging process to obtain a good cell, the electron

transmittance of the resulted cells would also be poor due to the inevitably thick cell

walls, thus, affecting the applicability of this method.

An example that may benefit from atomic resolution imaging of liquid-solid
reactions could be carbon nanostructures. The most prevalent growth models for
carbon materials are vapor-liquid-solid (VLS) mechanism and solid-liquid-solid
(SLS) mechanism where the liquid intermediary (melting catalysts) decisively
controls the growth of various nanostructures (such as nanotubes or graphene).'®-%
Unfortunately, previous research has only been able to focus on catalytic growth

from gas-solid interfaces,'®!'¢>104162:264.167

overlooking the fact that the direct
observation of liquid-solid interfacial reactions is indeed the key of fully

understanding the above growth model/process. Herein, we propose another solution
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to monitor the liquid-solid interfacial process with high resolution. We demonstrated
it by in situ high-resolution TEM (HRTEM) observation of the ordering transition
from amorphous carbon (a-C) to graphene layers on melting Pt;Co surface. Pt;Co
alloy was chosen to facilitate our observation because of its high stability, low
melting point and low saturated vapor pressure.**>*°° The Pt;Co-carbon liquid-solid
interface was realized by in situ heating of Pt;Co nanoparticles supported on an a-C
film upon their melting. To avoid sample drift in conventional high-temperature
experiment so as to gain high resolution, the in situ observation was conducted on a
JEM-2100F TEM equipped with a Protochips Aduro™ platform with heating E-
Chip specimen support (the a-C film was pre-coated on the E-Chip) which is capable
of providing ultra-high stability, low drift at high temperature, and accurate

temperature control.

5.2 Experimental Section

5.2.1 Synthesis of Nanoparticles

Pt;Co nanoparticles with an average diameter of ~9.5 nm were synthesized from the
reduction of Pt*" and Co®" salts simultaneously with ethylene glycol at high
temperature. Typically, 5.72 mg H,PtCls and 0.66 mg CoCl, were dissolved into 20
mL ethylene glycol (pH value was adjusted to 11 by adding NaOH) to form a
homogeneous light-green solution. The solution was then transferred to a 30 mL

Teflon-lined stainless steel autoclave and heated at 200 °C for 10 h. The black
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precipitates were then filtered and washed with deionized water, acetone and
absolute alcohol alternatively to remove soluble species before drying at 70 °C in a

vacuum oven overnight.

5.2.2 Design of TEM Observations

The in situ heating experiment described here was conducted on a Protochips
Aduro™ platform with heating E-Chip specimen support what provides atomic
resolution at thermal ramp rates of up to 10° °C/s with highly accurate temperature
control of specimen inside a TEM (Figure 5.1). The TEM sample was prepared for
imaging by dispersing Pt;Co nanoparticles onto a lacy carbon film supported by a
ceramic membrane from a nanoparticle-ethanol suspension and was allowed to dry
in air. TEM observation was conducted on a JEM 2100F field-emission transmission
electron microscope operating at 200 kV, equipped with STEM and EDS. The
sample was quickly heated to 350 °C and stayed at this temperature for ~10 minutes
to remove any possible organic residuals before subsequent observations. During the
observation, the image was recorded using a Gatan SC1000 ORIUS™ CCD with a
short exposure time (0.1 s), and the electron beam was blanked whenever possible to

minimize beam effects on the nanoparticles.
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Figure 5.1 Schematic representation and operating principles of the experimental
design, showing the heating E-chip, the viewing window and its cross-sectional

configuration.

5.2.3 Density-functional Theory (DFT) Calculations

The relaxed progresses and calculations of self-consistent fields were all performed
with Quantum ESPRESSO.?” All structures have been relaxed with BFGS method
with 1x1x1 k-points. A unit cell with 4 layers of atoms in which the uppermost layer
is imperfect to simulate the steps. The energy change in diffusion progress was
calculated with nudged elastic band method (NEB). The crystal plane index of the
surface was (111), and the structure was the same as that of Pt3Co. The lower two
layers were fixed during the relaxed process to simulate a bulk crystal, and only the
top two layers of atoms were allowed to travel to simulate the surface reconstruction

of the steps and the attached carbon atom.
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5.3 Experimental Results

5.3.1 Characterizations of Nanoparticles

The crystal structure of the as-synthesized nanoparticles was examined by means of
XRD. The as-measured XRD pattern was shown in Figure 5.2, with that of bulk
Pt;Co crystal (cubic, JCPDS card No.: 29-0499, space group: Pm3m(221)) attached
as a reference. It can be seen that pure Pt particles reached diffraction peaks at 20 of
39.6, 46.3 and 67.4 with d values of 2.26, 1.96 and 1.39 A (corresponding to (111),
(200), and (220) facets of Pt), respectively. However, diffraction peaks from Pt;Co
particles as shown in Figure 5.2 were found to have shifted in the XRD pattern
towards the high degree angle region whereas diffraction peaks at 20 of 40.5, 47.1
and 68.8 with d values of 2.22, 1.92 and 1.36 A were assigned to Pt;Co. Apparently,
the lattice of Pt;Co is smaller than that of Pt particles. This result could be attributed
to the substitution of Pt with smaller Co atoms. The full width at half maximum
(FWHM) of the diffraction peak of Pt;Co at 40.5 was found to be 0.835 degree, thus
the average diameter of the Pt;Co particle was found to be approximately 10.0 nm
based on Scherrer Equation. Using similar methods, the peak at 47.1 was 9.58 nm,
and the peak at 68.8 was 9.35 nm. The average diameter of the as-synthesized

nanoparticles was estimated to be ~9.5 nm.
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Figure 5.2 XRD profile of as-synthesized Pt;Co nanoparticles.
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Figure 5.3 TEM characterizations of as-synthesized Pt;Co nanoparticles. (a) Bright-
field TEM images and (b) HAADF-STEM image of Pt;Co nanoparticle clusters. (c)

HRTEM image and (d) EDS elemental mapping of a small number of nanoparticles.

The bright-field TEM image (Figure 5.3a) and the HAADF STEM image (Figure
5.3b) show that most of the as-synthesized Pt;Co nanoparticles are uniform in size

and faceted in shape. An average size distribution of ~10 nm was identified, which is

FEI Linfeng 113



;a.\_THE HONG KONG POLYTECHNIC UNIVERSITY CHAPTER 5

consistent with our XRD analysis. The HRTEM image of the representative
nanoparticles is shown in Figure 5.3c, revealing a well-crystallized nature. Lattice
fringes with a periodic lattice spacing of 0.223 nm corresponding to the Pt3Co (111)
plane are clearly visible and dominant among repeated particles. The dominance of
the exposed (111) planes is in accordance with earlier results on nanosized metal
particles.”®® Additionally, EDS elemental mapping (Figure 5.3d) suggests a

homogenous distribution of Pt and Co elements with a rough atomic ratio of 3.

5.3.2 In-situ TEM Observations

5.3.2.1 Temperature-dependent Eutectic Behavior of Nanoparticles

In order to document the formation of carbon nanostructures on melting Pt;Co
properly, it would be essential to first study its melting behaviors due to limited data
available in the literature. A survey on in situ sintering of Pt3Co nanoparticles was
therefore conducted in advance and the results were summarized in Figure 5.4. A
cluster of Pt3Co nanoparticles was chosen for examining the morphology
transformation induced by increasing temperature in the present study. The
following intervals are derived from the observed changes as the temperature

increases.
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Figure 5.4 Image sequences showing typical dynamics during heating of Pt;Co
nanoparticles. (a-f) illustrate the evaporation of organic residuals, and the coalescing,
and macroscopic melting of Pt;Co nanocrystal agglomeration. The scale bar of (a)
also applies to (b-f). (g-k) represent the corresponding selected-area electron
diffraction (SAED) patterns upon image area at chosen temperatures. The scale bar

of g also applies to (h-k).

I. Evaporation of organic residuals (25 °C — 350 °C).

To completely remove the organic residuals, i.e. to ensure a “clean” reaction

environment for the following catalytic reaction, the sample was quickly heated to
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350 °C and was kept at this temperature for about 10 minutes. In comparison with
the image recorded at 25 °C (Figure 5.4a), it is rather obvious that the width of the
agglomeration decreased when the temperature reached 350 °C while the edges of
the nanoparticles became more visible (Figure 5.4b). These phenomena can be
attributed to the vaporization of organic residuals between crystallites and the
rearrangement of Pt;Co nanoparticles located on the first layer adjacent to the
supporting carbon film. Another interesting finding is that some organic passivating
surface layers (~1 nm) could be identified through phase contrast imaging in Figure
5.4a (as indicated by black arrows)yet these layers all vanished in Figure 5.4b. This
observation should verify the complete removal of organic residuals. Under such
clean reaction environment, the configuration of the SAED patterns (Figure 5.4g &
Figure 5.4h) remained mostly unchanged apart from some minor contrast
enhancement, which can both be well indexed to cubic Pt;Co and amorphous carbon

as shown.

II. Coalescence of neighboring crystals via oriented attachment (350 °C — 550

°C).

It should be noted that patches of dark contrast (as indicated by white dashed ovals)
could be found in Figure 5.4b. These patterns, known as Moiré¢ interference

269,2 . . . . . .
69270 occur when two lattices overlap with a rotational mis-orientation.

patterns,
Several groups of Moiré fringes appeared abruptly between the adjacent crystals

when the sample was heated to 350 °C as shown in Figure 5.4b. However, these
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fringes disappeared upon further heating to 450 °C (Figure 5.4c). It can also been
seen that the contrast of the same area where the Moiré fringes used to appear at 350
°C in Figure 5.4c (as indicated by a white dashed oval) have become increasingly
uniform, implying that the nanoparticles underwent a neighboring coalescing process

. . . 271272
via oriented attachment mechanism.”""

II1. Melting of Pt;Co nanoclusters (550 °C — 850 °C).

As shown in Figure 5.4d, when the sample was heated to 550 °C, the corresponding
SAED pattern (Figure 5.41) show three halo rings. An analysis of the halo rings
suggests that the two outer halo rings were due to the amorphous carbon film,
whereas the inner one was resulted from the liquid Pt;Co compound.””” Meanwhile,
the cubic Pt;Co crystals represented by bright Debye-Scherrer rings continue to be
visible, suggesting initial surface melting could have occurred at this stage. In the
subsequent sintering process, the temperature was increased very slowly. When the
temperature reached 750 °C as shown in Figure 5.4j, the series of Debye-Scherrer
rings became much weaker, leaving some bright spots which indicate the occurrence
of further melting towards the core-part within the crystals. As shown in Figure 5.4f
and Figure 5.4k, the Debye-Scherrer rings vanish completely at 850 °C while the
contrast of the halo ring from liquid Pt;Co has become rather dominant in the SAED
pattern, implying the nanoclusters are fully melted at this point. Interestingly,
another halo ring has become so visible that it could be clearly indexed to the

graphite (002) planes.
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During the whole heating process, a continuous volume contraction (from Figure
5.4a to Figure 5.4f) was observed originated from the evaporation of organic
residuals, coalescence of adjacent crystals, melting of particles, and gradual loss of

interspaces.
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Figure 5.5 Normalized eutectic temperature T/T, versus inverse radius of Pt;Co alloy

nanoparticles.

The as-measured initial surface melting temperature (~550 °C) of as-synthesized
Pt;Co nanoparticles is much lower than bulk eutectic temperature (~750 °C).
However, this is not surprising for Wang et al. have reported the surface melting of 8

nm pure Pt nanoparticles at ~600 °C.*™* Although research on suppression of eutectic
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temperature by alloying in In-Sn,”” Pb-Bi,”’® and Ag-Pb>” binary systems have
been conducted; it is the first time that such treatment was introduced to a Pt-Co

system in the present study.

Buffat and Borel developed a thermodynamic model to describe the melting
behavior of small particles in pure substances,””’ which was further extended to work
on the eutectic transition of a binary alloy particle.””**” In this model, the depression
of melting temperature of small particles is derived from the phase equilibrium

condition between the solid and liquid particles, leading to the following equation:

T
T

0

,OS
S L 2/3

s -y ()]

r’Lp p

where T and T, are the eutectic temperature of small particles and bulk sample,
respectively; v is the surface tension (the superscript “S” refers to solid phase, and “L”
refers to liquid phase.); r corresponds to the particle radius; p is the mass density; and
L is the latent heat of the eutectic transition. It is clear that there is a linear

relationship between the eutectic temperature and the inverse radius of the particle.
The density of liquid and solid phases can be calculated as:
p = (Wpdppi + Weo/peo)

For Pt;Co alloy, the weight fractions are: wp; = 0.9085, wc, = 0.0915, so we can

calculate the densities of the mixed phase: p° = 19.02 and p" = 17.31, and the unit is
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10° kg/m’. As the concentration of Co is low, the surface tension of the liquid and

solid phases are estimated with pure Pt, i.e. y° = 2.06 J/m?* and y" = 1.75 J/m’.
The latent heat L can be calculated with this formula:
L= 1O,Pt Wpe + 1O,Co Wco + AHmix

The former two values are the latent heat of the two contents (lpp = 113.7 x10° Jkg
and loco = 274.9 % 10° J/kg), and AH,ix 1s the mixing enthalpy at the composition in

experiments.

f. 279, and is calculated with

The mixing enthalpy of Co-Pt alloy is taken from re
spline interpolation method, as AHpix = -9290 J/mol, or -14.42 x10° Jkg. So L =

114.0 x10° J/kg.

With the known physical quantities, we now have:

T, L79x107"

T, rs

Therefore we plot normalized eutectic temperature T/Ty as a function of the
reciprocal of the particle radius (1/nm), and the relationship is disclosed as shown in
Figure 5.5 with a blue line. In comparison with the experimental result (the red line),

it is obvious that the experimental result falls slightly below the calculated one. This

is expected since the calculated result was obtained from the equilibrium state where
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the driving force of the eutectic transition ceases;’”? namely, the calculated line
indeed acts as an upper limit of the practical eutectic measurement. Based on these
discussions, our experimental observations are in good accordance with the

theoretical results.

Throughout the experiment, it can be concluded that the initial surface melting of
Pt;Co nanoparticles occurred at around 550 °C. Then the particles continued to melt
towards the core-part till ~850 °C, by which the alloy particles melted completely
into liquid. The observed eutectic temperature is obviously lower than that of bulk

23 1t should be noted that in the electron

Pt3Co, a result of nanosized effect.
diffraction pattern at 850 °C (Figure 5.4k), an additional halo ring was observed
which can be assigned to the graphite (002) planes with 0.336 nm d-spacing,
suggesting the localized formation of considerable graphene layers. To understand

the mechanism of carbon growth on a liquid-solid interface further, a series of

experiments were conducted and the results are presented as follows.

5.3.2.2 Observations on Carbon Nanostructure Growth

In situ HRTEM image sequences were recorded against increasing temperatures and
the remarkable intervals are shown in Figure 5.6 (a-d), aiming at the Pt;Co-carbon
interfaces as indicated by the white dashed box in Figure 5.6e. Initially, the HRTEM
micrograph from 450 °C in Figure 5.6a reveals that well crystallized Pt;Co
nanoparticles were surrounded by a-C content. The Pt;Co nanocrystals exhibit a

faceted shape with clear periodic lattice fringes of 0.223 nm, corresponding to the
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(111) planes of Pt;Co. The temperature then rose to 550 °C when the surface of the
Pt;Co nanoparticles began melting as shown in Figure 5.6b. The outline of the Pt;Co
crystals was more or less retained although faint (111) fringes could still be
identified in most regions. Meanwhile, the outside a-C was found to be slightly
crystallized into quasi-OD nanoclusters with 0.336 nm graphite (002) planes exposed
(as indicated by black arrows). More importantly, most carbon clusters were formed
at the step-edges on the Pt;Co surfaces, including either mono-atomic or multi-
atomic step-edges as indicated by the white arrows shown in Figure 5.6 (b-d). A
small number of carbon clusters isolated from the Pt;Co surfaces were induced by
the dissociated Pt3Co clusters caused by the high mobility of melting surface
layer.'®” As the temperature increased to 650 °C (Figure 5.6¢c), the Pt;Co
nanocrystals experienced an obvious reshaping towards spherical configurations, and
the blurred lattice fringes could hardly be detected across the entire visible region
due to further melting. Simultaneously, the carbon clusters around the Pt;Co crystals
aligned into larger 2D graphene sheets, with their basal (002) planes oriented parallel
to the liquid-solid interface (as indicated by the dashed black ovals). A pronounced
bending of the graphene layers towards the Pt;Co step-edges was found repeatedly,
confirming the origin of the carbon on this liquid-solid interface. Finally, the
temperature went up to 850 °C when the Pt;Co catalyst melted completely as shown
in Figure 5.6d & Figure 5.6e, and a perfect layered graphite nanostructure was
formed surrounding the whole Pt;Co cluster by which underwent major volume

contraction.
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Figure 5.6 Image sequences showing the typical dynamics of formation of carbon
nanostructures on melting Pt;Co. (a-d) illustrate the carbon transformation process
from amorphous carbon to quasi-OD nanoclusters, then 2D graphene, and finally 3D
few-layered graphite nanostructures with increasing temperatures. The scale bar in (a)
also applies to (b-d). (e¢) shows a panoramic micrograph of melting Pt;Co cluster
surrounded by 3D few-layered graphite at 850 °C. The dashed black line indicates

external boundary of as-formed graphite nanostructures. (f) outlines the evolution.

The complete mechanism of the formation of carbon nanostructures on a liquid-solid
interface was thus disclosed. The graphene nanostructure was formed on melting
catalyst through edge-mediated nucleation in addition to further growth via oriented
attachment (OA) ** as outlined in Figure 5.6f. Initially, step-edges were dynamically

introduced to the Pt;Co surface upon melting, serving as nucleation centers for
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161,264
61,26 In

forming carbon nanoclusters because of the high reactivity of the step edges.
contrast to gas-solid reactions, the as-formed carbon nanoclusters were highly
mobile on the liquid-solid interface because of the high transport ability of surficial
melting catalyst. Subsequently, these nanoclusters were more likely to encounter
each other, and would eventually interact mutually to coalesce into 2D graphene
layers by spontaneously aligning along the graphite (002) planes, known as typical
OA process.”***”* Further growth of carbon would involve transporting C clusters
towards the interface and Pt;Co atoms away from the interface. The process would
eventually stop when the graphene layers have encapsulated the Pt;Co surface to
form a 3D carbon nanostructure. It should be noted that the formation of graphene
layers in this process is led by the movement of the melting Pt;Co outline caused by
thermal-induced volume contraction. As a result, the process is not time-sensitive,

while the final boundary of the carbon nanostructure coincides well with the original

outline of the Pt3Co cluster (see Figure 5.6e & Figure 5.4a).

5.3.3 DFT Calculation Results

In fact, defects (such as edges and dislocations) often trigger the growth of carbon
crystal. Recent theoretical studies show that the formation of graphene layers should

start from the edge of matrix,”' 2**

and our observation agrees well with this claim.
This process can be viewed as a kind of physical position selection process in growth.
When the chemical environment on the edges was taken into account, certain

differences between the Co atoms and the Pt atoms in the catalytic process could also
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be expected. To track the origin of this interfacial process, density-functional theory
(DFT) calculations were made on the nucleation of carbon near the edge. The model
structure is shown in Figure 5.7a, by which the deep green spheres represent Pt
atoms, and the light blue spheres stand for Co atoms. We selected four specific
positions A, B, C and D (with A and D being far away from the edge while B and C
being connected to the edges) for the first carbon atom on the surface. We then
analyzed the diffusion process at these four positions in order to determine the
position of nucleation. It should be noted that B and C are connected to two different
kinds of metal atoms, i.e. B is connected to a Co atom and C is connected to a Pt
atom. Figure 5.7b shows the energy change in the diffusion of one carbon atom at
these four positions (the energy of position A is set to zero). Generally, lower energy
suggests a more stable state and lower potential barrier implies more efficient and
effective diffusion. It can be seen from Figure 4.7b that position B has the lowest
energy level of ~-0.5 eV, while the energy levels of positions A, C, and D are very
similar to each other. The results suggest that if the first carbon is connected to a Co
atom, the structure will possess least energy and thus, be most stable. The findings
from the potential barriers also show that the diffusion from A to B is more efficient
than that from A to C. Considering position B can also minimize the total amount of
energy, we deduce that position B should be the nucleation position for the growth of
graphite layers. In other words, the growth of graphite on Pt;Co alloy surface will
nucleate from Co atoms on edge steps, which could be regarded as a kind of

chemical position selection effect of nucleation.
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Figure 5.7 Illustration of the nucleation process on the Pt;Co (111) surface modeled
in density-functional theory calculations. (a) The model includes 2x2 units and
specific positions of the first carbon atom; insert shows the top view. (b) Energy

change in the diffusion process of the first carbon atom from A-B, A-C and A-D.

5.3.4 Discussion on the potential applications of our method

In our study, the amorphous carbon film was pre-coated on the heating E-chip by
vacuum evaporation technique to realize the observation of Pt;Co-C liquid-solid
process. In fact, the carbon here can be changed to other amorphous content (such as
Si et al.) through the same deposition technique, and the Pt;Co nanoparticles can be
replaced by other semiconductor/metallic nanostructures, to visualize purposed

dynamic liquid-solid processes.

In case of monitoring reactions between crystalline materials with liquid
intermediaries, inert polymeric supports can be chosen (such as PVF) so that two (or

more) different materials in the form of nanoparticles/nanowires/nanotubes can be
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mixed and deposited on the polymer support for in situ heating and observation. In
association with other TEM techniques such as HAADF-STEM (high angle annular
dark-field scanning TEM), EDS (energy dispersive spectrum) elemental mapping
and three-dimensional tomography, different nanoparticles or even different atoms

can be identified in a dynamic process at high resolution.

In short, our as-developed method is all set to be applied in other liquid-solid
processes with atomic precision and more interesting results can be expected from

further works.

5.4 Summary

In summary, this study presents a combination of in situ HRTEM observations and
DFT simulations to resolve graphene nucleation and growth on liquid-solid interface
for the first time, offering valuable insights into Pt;Co-C system with atomic
precision. Carbon clusters were found to nucleate near Co atoms at the step-edges on
the surface of Pt;Co, a result of associated physical and chemical position selections.
Further growth of graphene layers from clusters is of a kinetic nature, guided by
classic OA theory. This unique simultaneous nucleation and merging process of
carbon growth differ greatly from those in liquid-gas interactions where carbon
fibers/tubes are developed gradually from single-defect due to a constant carbon
supply from the environment. As the mechanism was thoroughly identified with

simple TEM configuration as such, our developed technique should be of general
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importance for understanding liquid-solid reactions, and should inspire further

attempt to tailor the growth of carbon nanostructures and other materials in future.
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CHAPTER 6 CONCLUSIONS AND FUTURE

OUTLOOK

6.1 Conclusions

In this thesis, we have successfully developed several carbon-based nanocomposites
via various chemical approaches, and their performances in energy storage and
environmental applications have also been thoroughly examined. To understand the
growth mechanism of carbon nanostructures, we have further designed and
conducted an in-situ TEM experiment to capture the dynamic process for

documentation.

By combining the ball-milling process and solid-state carbothermal reductive
reaction, we first synthesized a novel LVP/C composite with a new- “core/shell”
configuration concept through integrating porous carbon nanoflakes on single-
crystalline LVP microrods. The resulting composite showed superior rate capability
and improved cycling stability upon evaluation as cathode material in lithium ion
batteries. It should be noted that this novel composite displayed an exceptionally

high tap density, implying a high volumetric capacity for its future applications.

To further improve the electrochemical performance of the LVP/C composite,

especially for high-power usage, another composite architecture was designed and
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synthesized via surfactant-assisted hydrothermal reaction with carbothermal
reduction technique. A nanocomposite composed of LVP nanospheres embedded in
hierarchically porous carbon matrix exhibited significantly improved
electrochemical performance, such as long-term stability upon cycling, superior rate
capability, and high discharge capacity when compared to previous LVP-based

cathode materials.

In pursuit of solving various air and water pollution issues, we also fabricated a
nanocomposite via electrospinning technique followed by hydrothermal treatment.
The material was composed of porous Nb,Os nanofibers decorated with graphene
nanoclusters on their surfaces, and was applied as visible light photocatalyst for the
degradation of organic dyes in aqueous solution. Such composite structure has
significantly extended the active region of Nb,Os from UV region to UV-Vis region,
and hence, showed greatly improved photocatalytic performance when compared

with pure Nb,Os and Nb,Os/carbon core-shell nanostructures.

In addition, to understand the growth mechanism of carbon nanostructures in carbon-
based composites, we have made direct observations on the transition of amorphous
carbon into graphene nanostructures at liquid-solid interfaces by using high
resolution TEM equipped with a heating platform. We found that the amorphous
carbon first nucleated into nanoclusters at step-edges on the host particle surface

before merging into graphene layers through kinetic restructuring via oriented-
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attachment. This observation has led to a unprecedented clear picture of the

formation mechanism of few-layer graphene along the liquid-solid interface.

6.2 Future Outlook

As presented in this thesis, a series of carbon-based nanocomposites (LVP/C and
Nb,Os/C) have been designed and fabricated with corresponding chemical methods,
and showed significantly enhanced performance in their respective application
scenarios. However, as research on carbon-based nanocomposites for energy storage
and environmental applications are still at an early stage, a number of fundamental
questions remain to be addressed and below are some of the areas that require further

research:

e For large-scale practical applications, a simple, reliable, cost-effective, eco-
friendly method for synthesizing carbon-based nanocomposites would be much
desirable. The wet chemical preparation routes employed in this thesis,
including ball-milling with carbothermal reaction, hydrothermal-carbothermal
reaction, and electrospinning with hydrothermal reaction, were all chosen upon
this consideration. However, one main limitation with these methods is strict
reaction conditions. It would be essential to further optimize the current wet

chemical processes for mass industrial mass production.
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e [t is expected that the performance of carbon-based composites including LVP/C
and Nb,Os/C will continue to improve in future yet the introduction of excess
carbon could lead to a significant decrease of the active material content in the
composite and affects the overall performance. To address this issue, the
development of novel carbon coating methods, or the design of rational
nanoarchitectures is needed in order to synthesize high-performance

nanocomposite with less carbon.

e Researchers are always in search for new material systems to strive for better
performance. For example, the newly emerged lithium-sulfur batteries, which
possess a supreme energy density with a theoretical value up to ~2600 Wh kg™
(calculated based on Li anode and S cathode), have received increasing attention
as potential candidate for next-generation energy storage applications, opening
up a new era for battery research. With the rapid advancement of organic
science, we anticipate more high performance material systems will be
discovered and synthesized for both energy storage and environmental

applications in future.
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