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Abstract

Abstract
With increasing demand for enhanced lithium ion batteries applied in electronic
vehicles, hybrid vehicles and mobile electronics, intensive research is being
focused on exploring new generation anode materials with high storage
capacity, low cost and great safety. Transition metal oxides, as a kind of
promising candidates, have attracted much attention and shown much higher
capacities, compared with carbon based anode materials (372 mAh g-1), through
conversion or insertion/extraction reaction. Among them, iron oxide is of great
interest due to its high corrosion resistance, abundance, nontoxicity and low
cost. However, there still exist several issues (e.g. low electronic conductivity
and large volume change) needed to be addressed before the large-scale
commercialization of iron oxide based anodes. Therefore, it’s necessary to
conduct

scientific

studies

to

further

investigate

and

improve

their

electrochemical performance and behavior as anodes for lithium ion batteries.
Design of novel hybrid nanostructure has been proved to be an effective
approach to the technical bottleneck of electrode materials. The hybrid
materials present desirable properties by integrating various functions into a
single system. In view of the iron oxide/carbon hybrids, Fe3O4@porous carbon
matrix and Fe3O4@porous carbon matrix/graphene, are synthesized and the
nanostructure’s effect on their electrochemical performance is investigated in
depth in this thesis. In the well-defined iron oxide/carbon hybrids, the
conductivity and electrical contact of nanocomposites are improved with
additive carbon materials. Moreover, hierarchical porous framework can offer
large electrode/electrolyte contact area and shorten diffusion distance of lithium
ions, which is crucial for the good rate capability. Meanwhile, the cushion to
volume change can be provided from the reserved void and porosity during the
charge/discharge process.
However, the hybridization between metal oxide and carbon species still
exhibits a limited improvement, due to the restricted theoretical capacity of
i
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carbon

species.

The

mixture

of

metal

oxides

with

well-fined

micro/nanostructures can endow composites with much improved capacity and
remarkable rate capability. Therefore, a series of Fe2O3/MnO2 nanocomposites
are prepared via controllable annealing conditions. As demonstrated in
characterization and performance evaluation, the hollow-structured oxygenvacancy-rich Fe2O3/MnO2 provides superior electrochemical properites as
anode materials for lithium ion batteries, ascribing to their increased contact
area with electrolyte and enhanced electronic and ionic conductivity.
To further reveal the structure and morphology evolution of iron oxide based
anodes during long-term electrochemical cycling, the investigation of hollowporous Fe2O3 microspheres is conducted via ex-situ X-ray diffraction (XRD)
and ex-situ transmission electron microscopy (TEM) techniques. As revealed in
the test results, a crystal size induced phase transition (α → γ → β) is found to
be contributed to an abnormal performance fluctuation during cycling. These
research results are expected to make insightful suggestions to other scientific
studies.
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Chapter 1

Introduction
This chapter begins with disclaiming the importance of lithium ion
batteries from the viewpoint of energy storage. Then, the issues
confronted by the limited commercial anodes is elaborately
discussed. Subsequently, the project’s purpose, hypothesis and
objective is discussed based on related researches. In this thesis, the
studies will be focused on iron oxide-based hybrid anodes for
lithium ion batteries.
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Hypothesis/Problem Statement

Nowadays, the increasing energy consumption and call for a cleaner
environment has lead scientists from many countries to focus on developing
renewable and sustainable energy resources. In the design of renewable energy
system, energy storage devices play a critical role in terms of electrical energy
storage and conversion in the form of chemical energy. In comparison with
traditional Pb acid, Ni-MH and Ni-Cd batteries, rechargeable lithium ion
batteries (LIBs) have shown the most promising potential as energy storage
devices with multiple advantages including high energy density, long cycle life,
high specific capacity and memory free effect.1, 2 Therefore, LIBs have been
treated as dominant power source for many portable devices, electric vehicles
(EVs) and hybrid electric vehicles (HEVs).
It has been more than 30 years, since the first commercialized LIBs was
successfully developed by SONY Corp. in 1991. The rocking-chair concept
has been proposed as the working principle of LIBs. During charge/discharge,
the migration of Li ions occurs between cathode and anode, facilitating the
electric energy storage and chemical energy conversion. To date, in typical
commercial LIBs, lithium metal oxide such as LiCoO2, LiMnO2 and recently
LiFePO4 and graphite are employed as cathode (positive) and anode (negative)
electrodes, respectively. According to the stoichiometry of full Li-intercalation
graphite (LiC6), the theoretical capacity is calculated to be 372 mAh g-1,
resulting in the limited power density and specific capacity of LIBs.3 As for the
cathode, the theoretical capacity of LiCoO2 is as low as 140 mAh g-1.4
Recently, significantly improved LIBs, with respect of lifetime, power density,
safety and cost, are urgently needed. However, the performance of rechargeable
LIBs is dominantly affected by employed active materials. Thus, it is highly
required to investigate and develop advanced alternative electrode materials
with better electrochemical performance.
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In order to meet the requirement of continuously revolutionized technologies,
the anode candidates for next generation LIBs are required to possess excellent
performance with respect to capacity, cycling life time and stability. During the
past decades, lots of novel anode materials have been discovered and developed
as alternatives to replace the commercial carbon and graphite anodes whose
theoretical capacity is as low as 372 mAh g-1.5-8 Among them, transition metal
oxides such as ZnO, NiO, MnO2 and Fe2O3 have appealed tremendous attention,
due to their high theoretical capacity as a result of the conversional
decomposition reaction behavior. The detailed conversion reaction process
between lithium and transition metal oxides is shown in Equation (1).9
Mx Oy + 2yLi+ + 2ye− ↔ xM 0 + yLi2 O (M = transition metal)

(1)

From Equation (1), one formula unit of metal oxide could be fully lithiated with
2y lithium ions through a conversion reaction, resulting in a structural
modification and a large volume expansion. Finally, a composite of transition
metal with lithium oxide would be approached in the lithiation process. During
delithiation, the metallic component is conversely oxidized to form transition
metal oxide.
In comparison with other conversion reaction-based transition metal oxides,
Iron oxides not only deliver considerable theoretical capacities (more than 900
mAh g-1) and also have attractive properties such as low cost, abundance, and
environmental benignity.10, 11 However, the further optimization on iron oxides
is still needed to address the existing unsatisfactory electrochemical properties
during cycling. First of all, their huge volume change, along with lithium ion
insertion/extraction, causes loss of structural integrity and consequently results
in breakdown of electrical conductivity and rapid performance degradation.12, 13
In addition, the intrinsic low electrical conductivity hampers their application
and commercialization for high rate and power charge/discharge.14, 15
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As reported, exploitation of nanostructured materials (such as porous, hollow,
yolk-shell and modified with carbon species, hybridization) can effectively
accommodate the yield strains and stresses during lithiation/delithiation.
Besides, these 3-D structural designs could provide an increased electrodeelectrolyte contact area and fasten ionic diffusion, which have been
demonstrated to accommodate electrochemical cycling of anode materials.16-18
Moreover, preliminary results by research society illustrate that incorporation of
one or more electrochemically active components, constructing nanostructured
hybrids, will effectively facilitate the Li alloying process.7, 19, 20 On one hand,
the volume changes, which are initiated at various potential stages during
cycling, could alleviate the induced strains and stresses, leading to the
minimized fading capacities. On the other hand, the incorporated active species
are beneficial to stabilize the integrated electrode structure along with
maintaining the hybrids’ capacity. In this view, a large quantity of
nanostructured iron oxide-based hybrids with different composites have been
studied and developed over the years, showing different properties and
functionality. Inspired by previous studies, more fundamental investigations are
worth to conduct to fully understand this field. The basis hypothesis of this
study is described as followed:
➢ The nanostructure and composition of transition metal oxide anodes play
critical roles in determining the long-term Li cycling stability. The
morphology control of the nanostructure could improve rate and cycling
performance with higher electrode/electrolyte interface and reserved buffer
area. The introduced conductive species (e.g. carbon) could bring about
series of benefits: (1) the increased electronic conductivity, (2) stabilized
integrity of electrode structure because of their ductile and elastic nature, (3)
a wide range of stable window for electrochemical reaction with electrolyte.
➢ The rational designed hybrid nanostructure shows great enhancement in the
4

Introduction

Chapter 1

electrochemical performance of TMOs with different structures and
composites as anode for LIBs. The use of nanostructured hybrid electrode
materials will bring several advantages. First of all, the synergic effect from
the integrated functional materials can promote each component’s inherent
properties, for instance their electrical/ionic conductivity, electrochemical
reactivity, and mechanical. Secondly, ascribing to the core-shell structure,
the surface electrochemical activity of the nanomaterials can be effectively
decreased, giving rise to a low level of electrochemical irreversibility and
avoiding particulate aggregation.
➢ Phase evolution of TMOs anodes is involved in a long-term
electrochemical cycling. The morphology and structural evolution of the
active materials in a battery is usually responsible for the gradual capacity
fading. With advanced diagnostic tools, such as XRD and TEM, the
irreversible phase transition process in LIBs can be probed as a function of
cycling number.

1.2

Objective and Scope

The main research scope and objective of this thesis is to synthesis high
performance iron oxide-based hybrids as anode materials for LIBs. Meanwhile,
reveal their detailed structural evolution process during cycling. To achieve the
above objectives, the detailed scope of this thesis is listed below:

1.2.1 Investigation of the impact of the nanoarchitecture on the
electrochemical properties of Fe3O4/Carbon hybrid anodes

Nanoarchitecture offers a great approach to optimize the electrochemical
properties of iron oxide based anodes for lithium ion batteries. According to
previous studies, lithium storage performance of electrodes highly depends on
5

Introduction

Chapter 1

their intrinsic structure, composite and morphology.7,

21, 22

Among all the

nanoarchitecture, the rational designed hierarchical hybrid nanostructure, due to
the synergetic effect from composites, could not only suppress the induced
strains and stresses from volume change, but also resulting in enlarged contact
area between the active materials and electrolyte, rendering the material with
excellent electrochemical property.23-25
From the point of view, iron oxide/carbon-based hybrids, Fe3O4@prous carbon
matrix and Fe3O4@prous carbon matrix/graphene are fabricated with enhanced
electrochemical performance as anode. From series of electrochemical
characterization, the influence of the rational designed nanostructure on their
electrochemical performance will be addressed. Moreover, the possible
formation process of the nanostructure will be proposed with the aim of the
controlled fabrication of the similar structured anodes.

1.2.2 Study the effect of morphology and structure on the electrochemical
performance of Fe2O3/MnO2 hybrid anodes

The restricted improvement of conductivity and performance on iron oxide
based anodes is usually achieved through external modification by carbon
species. However, the low theoretical capacities of carbon could cause the
integral capacity loss of iron oxide-based hybrids. Assembly of different TMOs
into a hybrid nanocomposite would cause synergic advantages into their
electrochemical properties as anode materials for LIBs. Meanwhile, the
sacrifice, in terms of intrinsic capacities, for conductivity improvement could be
avoided via internal modification of TMOs components, such as doping and
defects formation. Therefore, series of Fe2O3/MnO2 nanocomposites with
different structures and morpholoies are fabricated under controlled annealing
conditions. In addition, their origination of superior performance will be
discussed and the most potential anode materials will be identified.
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1.2.3 Fundamental studies the crystal structural evolution of Fe2O3 anodes
during cycling process

The irreversible phase transition of anodes for LIBs is critical for understanding
the electrochemical reaction mechanisms and capacity degradation. In the light
of related reports, the ex-situ characterization, such as ex-situ TEM, ex-situ
XRD and ex-situ XPS, have been utilized as powerful and indispensable tools
to probe the morphology evolution and phase transformation process during
lithiation/delithiation process. Thus, in this thesis, the phase transition process
of the Fe2O3 electrode will be proposed and investigated during long-term
cycling in LIBs. The research conclusion is hoped to shed light on the
performance fluctuation mechanism.

1.3

Dissertation Overview

The organization of the thesis is presented as below.

Chapter 1 provides a rational introduction for the critical role of LIBs in the
novel energy system and the problems and challenges they are facing based on
current situations. The study hypothesis, objectives and scope in this thesis are
clarified. This thesis is aimed to fabricate high performance iron oxide-based
hybrids for LIBs and investigate its structural evolution during electrochemical
cycling.
Chapter 2 reviews the literature concerning the working principle and historical
developments of LIBs. Categorized by lithium storage mechanisms, advantages
and disadvantages of various anode materials are reviewed.

Chapter 3 discusses the principles underlying the material synthesis,
morphology and structure characterization, performance measurement. The
detailed methodology for data analysis are also described.
7
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Chapter 4 investigates the electrochemical properties of iron oxide/carbon
hybrids as anode for LIBs. Hierarchical Fe3O4@prous carbon matrix and
Fe3O4@prous carbon matrix/graphene anodes are successfully synthesized. The
investigation on merits of the designed hybrid nanostructure is experimentally
demonstrated.

Chapter 5 investigates the electrochemical properties of Fe2O3/MnO2 anodes. A
series of Fe2O3/MnO2 hybrids with different morphologies and structure are
successfully prepared. The impact of nanostructure on their electrochemical
performance is experimentally discussed.

Chapter 6 carries out ex-situ characterizations to fundamentally study the phase
transition process of Fe2O3 anode during long-term cycling.

Chapter 7 draws conclusion of the thesis work and gives some
recommendations on the future works.

1.4

Findings and Outcomes

This research led to several outcomes:

1.

The hierarchical three-dimensional Fe3O4@prous carbon matrix and

Fe3O4@porous carbon matrix/graphene are synthesized using a facile thermal
decomposition of Mil-53(Fe) templates. In the electrochemical evaluation, the
introduction of graphene species delivers an improved cycling performance,
due to its huge contribution to the nanostructure stabilization of the active
materials.

The Fe3O4@ porous carbon matrix/graphene can maintain a

reversible capacity of over 1000 mAh g-1 after 500 cycles at 1 C.

8
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Hollow structured oxygen-vacancy-rich Fe2O3/MnO2 nanorods are

prepared via a method combing the PVP assisting coating and the subsequent
annealing in the air. The oxygen vacancies are believed to be formed via
nanoscale elemental intermixing and lead to the increasing intrinsic
conductivity. As shown in the electrochemical characterization, the the hollowstructured Fe2O3/MnO2 shows excellent potential as superior anode materials
for LIBs, corresponding to its unique nanostructure.

3.

The fabrication of hollow-porous α-Fe2O3 microspheres by a facile

cation exchange process is proposed. The obtained Fe2O3 electrode exhibits
great electrochemical performance, owing to its intrinsic nanostructure.
Meanwhile, a phase transition process for Fe2O3 anodes (α

γ

β) during

long-term cycling is observed using ex-situ TEM and XRD techniques. The
transformation process is believed to be activated by the change of crystal size,
resulting in the enhanced ionic conductivity.

9
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Chapter 2
Literature Review
The chapter demonstrates the background of anode materials’
investigation by reviewing related reports. Various anode materials
are discussed and compared in terms of electrochemical behaviors
and performances. Established approaches to tuning negative
electrodes’

electrochemical

properties

in

historical

and

contemporary studies are thoroughly evaluated. Based on the
literature review, the rationale for our exploration and investigation
is verified.

11
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Overview of Lithium ion Batteries

It’s been over 40 years since the first lithium battery cell with lithium metal and
MnO2 as the negative and positive electrodes, respectively, was developed in
1970s. The related research shows two of its attractive advantages: the highest
working potential (around 3.0 V) and the impressive energy density.26 Lithium,
as the lightest of all metallic element, has the highest electrochemical potential
(-3.04 V vs. standard hydrogen) and provides the largest specific energy per
weight.27 However, it was shown that the metallic lithium electrode would
suffer the generation of dendrites during deposition process, which could cause
short circuits, leading to an explosion hazard.28 To avoid the serious safety
problem during long-term cycle life, the prolonged charging time for Li metalbased electrode is require, which would take several hours in every cycle. In the
meanwhile, the families of intercalation oxides (e.g. Mn, Ni and Co) that hold
much higher capacities and voltages were proposed under efforts of Bell Labs
and Goodenough.29 To circumvent the safety issues derived from Li electrode,
the pursued alternative approach was to substitute the metallic Li for a second
intercalation anode material. Based on this concept, Murphy, Scrosati and et. al.
proposed the so-called Li-ion or rocking-chair battery system, in the early of
1990s.30 In lithium ion batteries, the ionic state of lithium rather than metallic
was used, bring up an non-dendrite and inherently safer power system. In June
1991, the first commercialized C/LiCoO2 lithium ion battery was successfully
created by Sony Corporation. The type of cell possess a over 3.6 V of working
potential (three times of alkaline batteries) and 120-150 Wh kg-1 of gravimetric
energy density (two to three times compare with Ni-Cd batteries), which make
it perfect power source for future high-performance potable electric devices.31

12
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Figure 2.1 Schematic presenting the working mechanism of a LIB.32

In a typical commercialized LIB, graphite and LiCoO2 are usually used as
isolated and untouchable anode and cathode electrodes, respectively, which is
further separated by an electrolyte-filled porous membrane separator to prevent
short circuits and allow lithium ions transfer at the same time. The Li equivalent
electrochemical potentials of positive and negative electrodes play a critical role
to determine the LIBs’ potential. The detailed charge/discharge process of LIBs
is illustrated in Figure 2.1. During charge process, lithium ions are
deintercalated from the cathode and flow to the anode through the separator via
electrolyte. Meanwhile, electrons transfer from the cathode to the anode via the
external circuit. When LIBs are discharging, the reverse process would take
place with regards to the movement of lithium ions and electrons. During
charge and discharge, the reversible shuttle of lithium ions between the
13
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electrodes enables the energy conversion from electrical state to chemical state
whilst stores the electrochemical energy within LIBs. The involved chemical
reactions can be described as below:33
Cathode: LiCoO2 ↔ Li1−x CoO2 + xLi+ + xe−
Anode: 6C + xLi+ + xe− ↔ Lix C6
Total Reaction: LiCoO2 + 6C ↔ Li1−x CoO2 + Lix C6
Since LIB energy density is determined by electrochemical properties of active
materials utilized for lithium storage, it is not surprising the urgent demand is
coming to develop advanced anode and cathode materials for LIBs to satisfy the
future needs of high capacity electrified transportation industry. Currently, the
most widely used anode material is graphite, due to its possessed advantages,
which includes high cycling stability, low cost and a flat and low working
potential. However, as shown in the above equation, only one lithium ion can
be accommodated by per graphene unit, leading to its low theoretical
electrochemical capacity (372 mAh g-1).34 Moreover, the low lithium
intercalation voltage of graphite (≤0.25 V vs. Li/Li+) brings up the safety
concerns ascribing to the lithium dendrite formation during the overcharge
process.35 These drawbacks of graphite, as anodes, is becoming hinders for our
convenience. Therefore, worldwide efforts are conducted to develop novel
anode materials to replace the graphite in LIBs. For the extensive research over
recent years, there are a wide variation of transition metal oxide based anodes
with

different

electrochemical

mechanisms,

namely

intercalation/deintercalation, alloying/dealloying and conversion reactions,
showing potential of application for commercial LIBs.

2.2

Transition Metal Oxides Based Anode

14
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The related research on anode materials for LIBs has revealed that the ideal
next-generation anode materials should involve these following properties36-39:
(1) element or compounds of materials should be low formula weights or
density with fairly large amounts of Li accommodation capacity per formula
unit. (2) The working potential curve of ideal anodes should be flat, stable and
close to that of lithium metal electrode as possible, contributing to a large and
applicable voltage gap in full LIBs. (3) The ideal anodes should be chemically
and physically inert in electrolyte. (4) The ideal anodes should have good
electronic and ionic conductivity. (5) The ideal anodes should be low cost and
non-toxic. To develop novel anodes meeting all these requirements, different
transition metal oxide based materials were developed and investigated as
anode for LIBs in terms of their performance and electrochemical behavior. To
our best knowledge, there exist three kinds of electrochemical reaction
processes related during cycling, including intercalation/deintercalation,
alloying/dealloying and conversion reactions.

2.2.1 Intercalation/deintercalation Reaction

The definition of intercalation/deintercalation reaction mechanism refers to the
reversible intercalation lithium into the two-dimensional (2D) layer structured
or 3D network structured transition metal oxide and other compounds. Similar
to graphite, the electrochemical lithium ions insertion/extraction wouldn’t
destroy the host’s crystal structural features. Titanium (Ti) -based oxide anodes
(TiO2 and Li4Ti5O12) exhibit the electrochemical property of lithium
intercalation/deintercalation in LIBs, accompanied by little or no volume
change or structural straining, leading to excellent cycle life.
For TiO2, several polymorphs such as anatase, rutile and TiO2-B with different
morphologies and structures have been studied and investigated as anode for
LIBs.40-42 The general intercalation/de-intercalation electrochemical reaction of
TiO2 with Li ions can be described as following.
15

Literature Review

Chapter 2

xLi + +TiO2 + xe− ↔ Li𝑥 TiO2 (0 ≤ x ≤ 1)
As seen in the equation, the value of X is responsible for the theoretical
capacity of TiO2. However, with limitation of the maximum X=0.5, its highest
theoretical capacity is just 167.5 mAh g-1.43,

44

Its insertion/extraction

electrochemical reaction typically take place at a high voltage (more than 1.5 V
vs. Li), guaranteeing safe and stable operation with the fewer formation of SEI
(solid electrolyte interface) through the electrolyte decomposition.45 However,
the drawback of the poor lithium and electronic conductivity which is quite
common in transition metal oxide anodes limits the practical use of TiO2. To
address this issue, the nanostructure engineering of one dimensional (1D) and
three dimensional (3D) has been intensively explored and investigated to
improve the rate capability.46, 47
The spinel lithium titanate oxide (Li4Ti5O12, LTO) has been considered the most
promising candidates to place graphite anode for large-scale backup energy
systems due to great stability and its excellent safety characteristics.48 Three
molar

of

Li

ions

associated

with

the

intercalation-deintercalation

electrochemical reaction of per LTO formula allows a theoretical capacity of
175 mAh g-1, leading to a negligible volume change during cycling.49 The LTO
electrode shows a horizontal and extend voltage plateau at about 1.55 V,
corresponding to a phase transition between a Li-rich phase (rock-salt-LTO) and
a Li-poor phase (spinel-LTO).50 However, its poor electrical conductivity leads
to a low lithium accommodation and poor rate capability. Many effective
strategies such as nanostructure design, doping and conductive materials
coating, have been explored to overcome this problem.51, 52

2.2.2 Alloying/Dealloying Reaction

Some metallic and semi-metallic elements (e. g. Sn, Al, Mg, Si and Zn) have
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been discovered to have the ability to conduct an electrochemical reaction with
Li ions forming lithium-metal alloys at a low voltage (less than 1 V vs. Li).53
The alloying reaction usually delivers 2-10 times of capacities, compared to that
of graphite.54 Representatively, the theoretical capacity of Sn is evaluated as
around 994 mAh g-1, ascribing to the full lithiation stoichiometry of Li4.4Sn.
Another advantage of alloy materials is their reasonable working potential
versus Li/Li+, such as Sn, whose working potential is 0.3-0.4 vs. Li.55 The merit
averts the safety issue caused by lithium deposition, during charging. The main
challenge for alloy anodes is the induced huge volume change during cycling,
leading to the electrode disintegration and the rapid performance fading. At the
same time, the coulombic efficiency of alloy electrodes of the first cycle is too
low, corresponding to the high irreversible energy loss.56 In these decades,
extensive research, focusing on the nanostructure engineering and fundamental
mechanism, has been performed to solve these issues.
Sn-based oxide anode materials, such as SnO2 and SnO, have attracted much
attention to be investigated and explored as high capacity anode materials. The
alloying/dealloying reaction is involved in their electrochemical cycling process,
which is shown as below.
4Li+ + SnO2 + 4e− ↔ Sn + 2Li2 O
Sn + xLi+ + xe− ↔ Li𝑥 Sn (0 ≤ x ≤ 4.4)
With regards to bulk SnO2, the first reaction is irreversible, thus the maximum
of 4.4 Li+ per Sn could be accommodated during alloying/dealloying reaction.57,
58

Therefore, the theoretical capacity is calculated to be 780 mAh g-1. But the

first reaction of the nano-sized SnO2 turns to be reversible/ part reversible,
leading to an increased theoretical capacity of 1494 mAh g-1.59 Fig. 2.2 shows
the comparison of the micrometer-sized and nano-sized SnO2 in terms of
electrochemical reaction as anodes for LIBs. As shown in Fig. 2.2c, there exists
an extend peak at 1.24 V in the anodic sweep of the nano-sized SnO2,
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corresponding to the phase transition from Sn to SnO2. While, the broad peak is
not observed in the micrometer-sized SnO2, suggesting the reversible/ part
reversible of the first reaction in the nano-sized SnO2.60
Nowadays, in order to improve reversible capacity and coulombic efficiency
and lengthen cycle life of Sn-based oxides anodes, various strategies have been
proposed and explored. The first one is to synthesize Sn-based oxides with
different nanostructure to buffer the volume change and shorten the diffusion
length.61 The second one is to build hollow and porous structure to alleviate the
electrode disintegration during cycling.62 The third one is to construct hybrid
nanostructure with conductive species to improve its conductivity.

Figure 2.2 The first and second galvanostatic charge/discharge cycling curves
and the corresponding derivative capacity plots of 10 μm SnO2 (a, b) and the
first three CV (c) and galvanostatic charge/discharge cycles (d) of the SnO2
NC@N-RGO electrode.63
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2.2.3 Conversion Reaction

Recently, numerous research has discovered that some transition metal oxides
such as Co3O4, MnO2 and Fe2O3, show potential application in LIBs as anode
materials. These transition metal oxides anodes exploit conversion reaction
wherein high energy conversion is expected to attain. In a typical conversion
reaction, an active compound material, MXy, reacts with Li and is reduced to
metallic element and corresponding lithiated compound. The relevant equation
is shown as following:
MX𝑦 + yLi+ + e− ↔ M + yLiX

For example, the transition metal oxide, Co3O4, undergoes the below
conversion reaction with lithium in LIBs.
Co3 O4 + 8Li+ + 8e_ ↔ 3Co + 4Li2 O
From the equation, the maximum of 8 Li is stored in per Co3O4 molar through a
conversion reaction. A large volume expansions of about 100% could be
induced through the reaction, resulting in the destruction of the electrode
integrity and the agglomeration of active materials.64 The voltage plateaus of
the Co3O4 electrode are located at 1.3 and 0.8, for the initial discharge, and 2.2
V, for the charge.65 Many attempts have been made to reveal the detailed
reaction process via different characterization techniques. According to the
research of Luo et al., in the early stage of lithiation, lithium inserted LixCo3O4
is formed through Li ions diffusion leading to an about 20% volume
expansion.66 Then, the phase transition from amorphization of Co3O4 to small
Co-Li-O clusters occurs along with the lattice fringe disappearance, attributed
to insertion of more Li ions. Finally, the composite of Co metal crystals
embedded in Li2O matrix grows as a result of Li further reduction.
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Most conversion reaction-based transition metal oxides could offer the
advantage of attractive capacity compared to graphite (372 mAh g-1). Despite
their improved theoretical capacity, the further optimization is necessary to
address some intrinsic unsatisfactory electrochemical properties, such as
voltage hysteresis, large volume change and low conductivity. The difference
voltage plateaus during lithiation and delithiation processes could cause high
energy loss and decreased efficiency.67,

68

Large volume expansion and

extraction during cycling would induce a huge strains and stresses leading to
the deterioration of the electrode structure and cycle fading. Low conductivity
brings about poor capability and low specific capacity under high rate,
hindering their commercial application in LIBs. To solve these problems,
different transition metal oxide materials with different nanostructures, such as
porous, hollow and hybrid with different components have been synthesized
and evaluated as anodes for LIBs.7, 69, 70

2.3

Iron Oxides Based Anode

Iron oxides such as FeO, Fe2O3 and Fe3O4 have attracted much attention in the
application for LIBs as anode materials because of their economy, non-toxicity
and high theoretical capacity (for example, 1007 mAh g-1 for Fe2O3 and 924
mAh g-1 for Fe3O4). In the 1980s, the first observation of the conversion
reactions in iron oxide electrodes was using molten salt electrolytes.71
Following this initial investigation, it took lots of scientists’ effort to empoly
iron oxides as anodes for LIBs. However, the irreversibility of the macro-sized
iron oxides based electrodes caused their rapid capacity fading during cycling.
Until the 2000s, a breakthrough in the nanotechnology was achieved, leading to
an improvement of the electrochemical reversibility when nanosized iron oxide
was introduced.72
Recently, two kinds of iron oxides, namely α-Fe2O3 (hematite) and Fe3O4
(magnetite) have been intensively studied and explored for LIBs anodes. For its
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most stable property among iron oxides and n-type electronic conductivity,
hematite phase α-Fe2O3 is widely used in catalysts, pigments and gas sensors.
As an n-type semiconductor, hematite possesses a band gap of 2.3 eV, where the
conduction band (CB) is occupied by empty d-orbitals of Fe3+ and the valence
band (VB) is consisting of mixture of Fe3+ 3d crystal field orbitals of and O 2p
non-bonding orbitals.73 As shown in Figure 2.3a, the confined Fe atoms
occupying 2 kinds of octahedral site by the hexagonal close packing of O atoms
forms the rhombohedral crystal structure of α-Fe2O3 with an R 3̅ C space
group.74, 75

Figure 2.3 Illustration of crystal structures of the α phase Fe2O3 (hematite) and
Fe3O4 (magnetite, the black, green and red balls are marked as Fe2+, Fe3+ and
O2−, respectively).76
In the respect of Magnetite phase Fe3O4, the spinel crystal of face centered
cubic structure consisting of 32 O2- ions and close-packed along the [111]
direction is shown in Figure 2.3b. The most obvious difference between Fe3O4
and Fe2O3 is its incorporation of both iron atoms (3+ and 2+). In a cubic inverse
spinel structure of Fe3O4, half of the octahedral sites are taken up by all the Fe2+
ions and the remained octahedral site and the tetrahedral sites are taken by even
split of the Fe3+ ions.76 The lowest resistivity of Fe3O4, as a result of small
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bandgap (0.1 eV), among iron oxide brings it the potential possibility of tuning
electronic property (n-type and p-type) by partly or fully replacing the divalent
irons by other ions with similar valence (Co2+, Mn2+, Zn2+, etc).77
As a promising candidate of anode materials, the reversible electrochemical
insertion/extraction of Li ions occurs in the α-Fe2O3 electrodes in an extended
voltage window of about 1.5-4.0 V vs Li/Li+. Furthermore, as the potential was
cathodically polarized to 0.9 V, two molars of Li ions can be irreversibly
inserted into the corresponding oxides composite matrix without further crystal
structure modification.78, 79 As the discharging potential drops to 0.005 V, the
total 8.5 molars of Li ions can participate in the insertion reaction. Accordingly,
the detailed multistep reaction of interaction between Li ions and α-Fe2O3
anodes during cycling can be demonstrated as following.80
α − Fe2 O3 + xLi+ + xe− → α − Li𝑥 Fe2 O3
α − Li𝑥 Fe2 O3 + (2 − x)Li+ + (2 − x)e− → Li2 Fe2 O3
Li2 Fe2 O3 + 4Li+ + 4e− → 2Fe + 3Li2 O
In the light of related studies, regardless of the phases of Fe2O3 anodes, a
similar conversion reaction of Fe2 O3 + 6Li+ + 6e− ↔ 2Fe + 3Li2 O dominates
the electrochemical process of Fe2O3 electrodes.36, 81 As shown in the equation
above, the maximum uptake of Li ions for α-Fe2O3 is 6, account into the
complete reduction from Fe2O3 to Fe. Based on the Li uptake amount, the
calculated theoretical specific capacity is expected to be as much as 1006 mAh
g-1. Moreover, in the related research, the first cycle for the Fe2O3 anodes
usually shows a different profile and extra discharge capacity, due to activation
processes and an irreversible textural modification.
Li ions insertion and extraction processes of Fe3O4 electrodes also show a
typical conversion reaction Fe3 O4 + 8Li+ + 8e− ↔ 3Fe + 4Li2 O similar to that
of Fe2O3.82 According to previous studies, its electrochemical behavior in the
discharge process indicates a multistep lithiation reaction consisting of two
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segments, such as a short line from about 3.0 V to 0.75 V and a long plateau at
about 0.75 V.83 In the former potential window, the partial lithiation process of
Fe3 O4 + xLi+ + xe− → Li𝑥 Fe3 O4 carries out. The latter one is assigned to the
complete reduction to Fe0, Li𝑥 Fe3 O4 + (8 − x)Li+ + (8 − x)e− → 3Fe +
4Li2 O. As we know from above, Fe3O4 anodes have a high theoretical capacity
of 924 mAh g-1, corresponding to 8 Li ions accommodation per Fe3O4 when
discharging to 0 V.

Figure 2.4 Schematic illustration of the in situ experimental setup (a), and the
TEM images of Fe2O3/graphene electrode before (b) and after (c) fully lithiation.
In-situ observation of Fe2O3 nanoparticles during lithiation (d-f).84
2.3.1 Issues of Iron Oxides as Anodes for LIBs
Although the much higher theoretical capacity of iron oxides anodes compared
with traditional graphite, some unpleasant problems still exist and hinder the
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implementation of iron oxide in commercial LIBs.

(a) Loss of active materials

Large volume (around 100%) expansion/contraction of iron oxide materials
occurs during Li ions insertion and extraction, which could result in cracking
and pulverization of active materials and the deterioration of the surrounding
matrix structure.85 The destruction of electrode integrity often leads to the iron
oxide particles disconnecting from the conductive matrix and peeling off from
current collector. Su et al. thoroughly investigated the conversion mechanism of
Fe2O3/graphene through in situ transmission electron microscope.84 Upon
lithiation, the obvious volume expansion and morphological changes of the
Fe2O3 nanoparticles was observed. Meanwhile, the complete lithiated product
shows a core-shell nanostructure covered by a nanocrystalline Li2O layer. With
respect to single-crystalline Fe2O3, it was found that the nanocomposite of Fe
nanograins embedded in Li2O matrix was formed. The volume expansion
process was confirmed in Figure 2.4.

Figure 2.5 Schematic of SEI formation on active materials during cycling.86
(b) Formation of solid-electrolyte interface (SEI) film

In lithium-ion batteries with either liquid or gelled polymer electrolytes, the
solid electrolyte interphase (SEI), a typical passivating layer is usually formed
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in the cycling discharge/charge process for anodes/cathodes through
decomposition of electrolyte.54,

87

The formation of SEI film on the active

materials’ surface can suppress the additional consuming of electrolyte, due to
its negligible electric resistance and high Li ions conductivity.88 The issue of
SEI stability at the interface between the iron oxides and the electrolyte could
be triggered by the repetitive volume expansion and contraction.86 As is
schematically shown in Figure 2.5, the brokerage of SEI film which is formed
during lithiation process can be initiated by the shrinkage of active materials’
volume. The repeated exposure of fresh active materials’ surface induces the
progressive formation of thicker and thicker SEI film along with cycling. The
phenomenon usually causes the degradation of active materials’ performance of
LIBs during cycling, due to (1) the abnormal consumption of electrolyte and Li
ions for the continuous formation of SEI film; (2) the increased electronic and
ionic resistance ascribing to the thickened SEI film; (3) structure deterioration
of the electrode induced by mechanical strains and stresses from the tick SEI
film. In order to enhance the long-term cycling performance of iron oxides
anodes, numerous efforts have been made to realize a stale and thin SEI film.

(c) Irreversible capacity

Although the conversion Li ions insertion/extraction reaction of iron oxides
anodes is general reversible, the poor Li ions release kinetics and formation of
the thermodynamically highly stable Li2O phase and inactive Fe domains
through could cause the permanent trapping of Li ions.89, 90 In the micrometersized Fe2O3 electrode, the initial transition from a hexagonal packing (αLixFe2O3) to cubic phase (Li2Fe2O3) is usually irreversible as soon as 0.3 Li per
Fe2O3 is uptaken, leading to severe capacity loss.78 Based on Jain et al.’s study,
nanocrystalline α-Fe2O3 anodes possesses an alternative structural change
compared with the microcrystalline ones during lithiation/delithiation.74 A much
higher single-phase lithiation capacity of 0.47 Li per Fe2O3 was observed in the
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nanocrystalline electrode showing a much better electrochemical reversibility.
Until now, various nano-sized iron oxides with different morphology have been
successfully synthesized, exhibiting an enhanced electrochemical performance
as anodes for LIBs to different extent.

2.3.2 Approaches of electrochemical performance improvement

In an attempt to maximally eliminate the irreversible capacity and retain longterm cycling performance, various strategies have been applied to accommodate
the large volume changes and moderate the electrolyte decomposition during
cycling. The common approaches are listed in the following context.

(a) Particle size control

It has been confirmed that micrometer-sized iron oxides possess high
irreversible capacity as anode for LIBs during cycling, making it quite difficult
for commercialization. The drawback can be overcome by reducing their
particle size to nanometer range forming nanocrystals, verified by many
previous studies.91,

92

Until now, considerable efforts have been made to

synthesize of iron oxides with different properties, by controlling their size and
shape, such as nanocrystals, nanoparticles, nanorods, nanotube, nanowire and
nanospindles.75, 93, 94 The improved cycling performance can be credited to the
structure and morphological stability of nanoparticles under large stresses and
strains.34,

95

Decreasing materials’ grain size usually causes their strength

increasing, as known in the Hall-Petch relation (1, 2). Along with reducing
crystal sizes, the lattice dislocation motion could be constrained by the grain
boundaries and defects.96 In addition, the complete lithiation process of
nanocrystalline Fe2O3 electrodes forms metallic Fe nanoparticle coated by Li2O
unlike the Fe/Li2O composite product of micrometer-sized Fe2O3, implying the
high reversible solid reaction of nanosized iron.84 Moreover, the electronic
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transport and Li ions diffusion distance could be shortened by the decreased
particle size.94
However, the reduction of particle size could also give rise up to some
unexpected properties such as large surface area, high cost and aggregation
during cycling, leading to an increased side-reaction with electrolyte, poor
cycling performance and short cycle life. The effective approach to address
these issues is to prepare different iron oxide composites with controllable
nanostructure. For example, Zhu et al. prepared reduced graphene oxide/Fe2O3
through homogeneous precipitation and microwave assisted reduction processes,
which exhibited an improvement of electrochemical performance.22 It has been
reported that the novel Fe3O4 (around 3.5 nm)/MoS2 nanosheets composite
provide a superior cyclic and rate performance, owing to the introduced MoS2
nanosheets.97

(b) Nanostructure and morphology control

Recent progresses in electrochemistry have verified the merits introduced by
nanotechnology in the application of controlling nanostructure and morphology
to materials’ electrochemical properties. The construction of morphologies,
such as hollow, porous and yolk-shell, in 1D (one-dimensional), 2D and 3D
nanostructure could improve the cycling performance of iron oxides anodes for
LIBs.98-100 Several expected advantages have been reported to be provided by
these reserved void nanostructures.101 First of all, the large volume change
which causes severe pulverization and agglomeration of active materials and
subsequent structural disintegration could be accommodated with these
reserved void nanostructures. Secondly, the shortened effective Li ions
diffusion pathways and enhanced electronic conductivity can be ensured, due to
the increased solid-electrolyte contact area.
Based these theories, lots of nanotechnologies have been utilized to prepare
high performance iron oxides materials with different designed morphologies,
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in the implement of LIBs. Zhang et. al. reported a yolk-shell structured iron
oxide@carbon (FeOx@C) with controllable void sizes.102 With an optimal void
size, the yolk-shell structured FeOx@C exhibits a high reversible capacity of
around 790 mAh g-1 at 0.2 C after 100 cycles. Through a facile solvothermal
method, porous hollow structured Fe3O4 microspheres were prepared, showing
a reversible capacity of 500 mAh g-1 at 0.1 C after 50 cycles. After treatment of
carbon coating, the reversible capacity can be increased to 700 mAh g-1.12

(c) Operating voltage control

Compared with a limited voltage range, anodes cycled within the full voltage
range are more vulnerable to cracking, crumbling and pulverization, due to the
large volume expansion/contraction, leading to a severed capacity fading.53, 103,
104

Therefore, cycling stability can be improved by employing the floor and cap

condition in terms of characterization voltage, restricting the degree of volume
change. For example, in the research of Reddy et al., in the upper cut-off
voltage of 1.0 V, micron size-(V1/2Sb1/2Sn)O4 delivers a reversible capacity of
around 535 mAh g-1 after 50 cycles.105 In contrast, if the cut-off voltage was
added to 1.3 V, the reversible capacity was reduced to 455 mAh g-1 after 50
cycles. Nano-SnO2 electrode exhibited a much better electrochemical
reversibility showing a much higher capacity retention in the restricted
operating potential range of 0.005-1.0 V vs. Li+/Li.106

(d) Binder and electrolyte

Though lots of binder-free iron oxides anode have been synthesized, showing
several advantages of enhanced stability, high specific mass capacity, improved
conductivity. from the viewpoint of commercialization, it is impossible to form
a continuous and stable negative composite adhered on a current collector
without the incorporation of binder. Therefore, the properties of binders such as
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strength, conductivities, elasticity and et al. are critical for the overall
performance of anode electrodes. Some polymer binders such as the
thermoplastic material PVDF (polyvinylidene fluoride) have been widely used
in LIBs’ electrodes.107,

108

However, its poor elastomeric properties make it

incapable to accommodate the large volume change of iron oxides leading to a
fragile electrode structure during cycling. Thus, it’s reasonable to improve the
anode’s cycling performance by developing alternative binders with some
desirable and expected structures such as cross-linking polymers and elastomer
binding systems.109, 110
Li et al. investigated the electrochemical performance of Si negative electrode
using CMC (sodium carboxymethyl cellulose) binder which indicated an
increased cycling capacity of 1100 mAh g-1 for 70 cycles, compared to the
conventional PVDF.111 High-molecular weight PAA (poly (acrylic acid)) as an
improved binder was used to prepared the Fe3O4 nanoparticles electrode. The
electrode exhibited a better capacity retention and electrode stability, in contrast
with the one using PVDF.112 In the recent Liu et al.’s research, the biopolymer
guar gum (GG) was characterized as a binder for the Si anodes of LIBs. The
unique properties of GG guaranteed the robust stability and improved electronic
conductivity of the electrode, demonstrating it potential as a candidate binder
for Si anodes.113

2.4

Hybridization

Nanostructured materials, as results of their attractive advantages over their
bulk counterparts, have been looked upon as the most promising alternatives for
high performance LIBs. Though downsizing transition metal oxides into
nanoscale and/or engineering porous and hollow nanostructure can effectively
eliminate the pronounced volume expansion and contraction and facilitate Li
ions diffusion during cycling, the SEI thickening, at the same time, can’t be
avoided, causing the increasing electrical resistance.38, 70, 114, 115 Meanwhile, the
increased additional side reaction between electrolyte and active particles would
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be brought about by the high specific surface area.7,

116-118

In order to

satisfactorily address these issues and design high performance LIBs,
nanostructured hybrid materials with different structural complexity have been
prepared and exploited, as shown in Figure 2.6.119

Figure 2.6 Categories of heterogeneous nanostructured materials with different
morphologies.119

Based on related studies, the construction of hybrid nanostructure could
effectively boost the electrochemical performance of the transition metal oxide
electrode for LIBs.19, 120, 121 In contrast with single-phase active materials, the
synergic effect of hybrid materials consisting of different materials can cause
the enhancement of different components’ electrochemical performance.51, 61 In
addition, the typical hybridization of core-shell nanostructure could effectively
decrease the electrochemical activity of materials’ surface, forming a stable SEI
film and showing a great cyclability.33,

119, 122

Finally, the ordered electrode

architected on conductive substrates, such as nickel foam, carbon paper and
titanium film can be used to develop binder-free electrodes revealing excellent
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electrochemical performance for the high and fast energy storage.123-125 In a
summary of recent progress, there mainly exist three systems of metal
oxide/metal oxide, metal oxide/carbon, metal oxide/conductive polymer which
have been explored and developed as LIBs’ anodes with high cycling
performance and rate capability.

(a) Metal oxide/carbon composite nanostructure
One of the most economic and promising solutions to enhance metal oxides’
electrochemical performance is to synthesize its composite via introducing
conductive second phase forming a homogeneous nanostructure.126, 127 One of
the most preferred conductive second phases is carbon material, such as carbon
nanotubes (CNTs), graphene and carbon paper, whose utilization could provide
multiple advantages: (1) the improved ionic and electronic conductivity of the
active materials, (2) the suppression of nanoparticles’ agglomeration during
cycling, (3) acting as buffer layer for the volume change induced strains and
stresses, (4) the inhabitation of the undesired side reaction between electrolyte
and metal oxide particles.126,

128-131

Therefore, researchers around the world

show great interests into designing various nanostructures of the metal
oxide/carbon composite as anodes for the next generation LIBs. One simple and
common method to reasonably design the hybrids is to form a core-shell
nanostructure by carbon coating. For example, Wang et al. prepared Mn3O4
homogeneously wrapped by 5 nm carbon via a facile one-step solvothermal
reaction using PVP (polyvinylpyrrolidone) as carbon precursors.132 The
Mn3O4@C indicated an enhanced capacity retention during cycling (473 mA h
g-1 after 50 cycles). Zhang et al. propose a facile method to fabricate Gr-SnO2-C
(carbon-coated SnO2/graphene nanosheets) which exhibited an excellent
electrochemical performance in terms of great cycling stability and improved
capacity (757 mAh g-1 after 150 cycles).133 The superior cycling performance
can be ascribed to the synergic effects between the effects of carbon coating, the
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nanosize of SnO2 particles and the high conductivity of graphene. Another
performance enhancement approach is to establish coaxial carbon core-oxide
shell nanostructures, usually as binder-free anode for application in LIBs.
Taking CNTs@SnO2@C (carbon nanotubes@SnO2@carbon) as an example,
SnO2 and carbon layer were homogeneously deposited on CNTs templates and
the corresponding product was applied as anode materials for LIBs.134 In
comparison with the pure CNTs and CNTs@SnO2 anodes, the CNTs@SnO2@C
could provide a higher specific capacity and better cycling performance (462.5
mAh g-1 after 65 cycles), due to its unique nanostructure, integrating the high
electronic and ionic conductivity and buffering matrix.

(b) Metal oxide/conductive polymer composite nanostructure

Another promising candidate as a category of supplementary second phase for
nanostructured composites is conductive polymer (for example, PANI
(polyaniline), PEDOT (poly (3, 4-ethylenedioxythiophene)), PPY (polypyrrole)
and et al.).135-137 Compared with other materials, conductive polymer possesses
several advantages, namely ease of synthesis, forming of elastic and flexible
matrix and high ionic and electronic conductivity.136 For example, Chen et al.
synthesized nano-Si/PPP (polyparaphenylene) composite via embedding nanoSi particles into a Li+-conductive polymer, PPP. The experimental results
showed that the composite held a high initial capacity (3184 mAh g-1) and an
excellent capacity retention rate (60%, after 400 cycles).138 The improved
electrochemical properties can be attributed to the role of conductive polymer in
the accommodation of volume expansion/contraction and the prevention of the
direct contact between Si surface and electrolyte. Jeong et al. prepared
hierarchical hollow spheres of Fe2O3@polyaniline by a template-free method
combining with a polymer coating.139 The as-prepared anode demonstrates an
excellent electrochemical performance (893 mAh g-1, after 100 cycles, at 0.1 C),
compared to the urchin-like Fe2O3 electrode, due to the unique hierarchical and
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conductive polymer coating nanostructure.
Recently, some researchers have found the functionality of the conductive
polymer coating shell as A-SEI (artificial SEI) for the application as anode in
LIBs.140, 141 The moderate reaction condition, environmentally friend solvent
and flexibility of tailoring its functionality make conductive polymers much
more favorable, compared to other materials, such as carbon and metal oxide.142
For example, Li et al. achieve favorable electrode/A-SEI/electrolyte interfacial
properties by rationally designing multifunctional polymer coating. In the
investigation, the polymeric coating containing two polymers, poly (ally amine)
and polyethylene glycol tert-octylphenyl ether, leads to an expected
improvement in the cycling performance and rate capability of the studies
anode.142 Incorporation of Si nanoparticles into a conducting polymer,
polyaniline, matrix is formed via in-situ polymerization, in Wu et al.’s study.143
Beneficial from the hierarchical hydrogel framework combining the continuous
conductivity framework, high theoretical capacity of Si and porous space and
crosslinker hydrogen bonding, the anode indicated a high cycling retention of
over 90% after 5000 cycles at 6.0 A g-1.

(c) Metal oxide/metal oxide composite nanostructure

Although some favorable properties, such as low cost, non-toxicity and high
flexibility, can be achieved by introduction of carbon and conducting polymer
based second phases into nanostructured composite, the limited total capacity of
the composite could be initiated by their low theoretical capacities.144, 145 In the
light of previous studies, some structure merits and synergic effects from the
metal oxide/metal oxide composites could offer a desirable electrochemical
performance as anodes for LIBs, meanwhile, maintaining their high specific
capacities. For example, the multilayer CuO@NiO hollow spheres deliver a
large reversible theoretical capacity of 1061 mAh g-1, after 200 cycles.146 the
core-shell α-Fe2O3@Li4Ti5O12 composite synthesized through a facile
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hydrothermal method showed an improved electrochemical performance with
high surface stability and excellent security, ascribing to the LTO (Li4Ti5O12)
coating.147 Hollow graphene foams encapsulated hollow SnO2@Co3O4 spheres
illustrates a remarkable electrochemical reversibility (815.2 mAh g-1, after 100
cycles, at 200 mA g-1), showing its potential as a promising anode for LIBs.148
Hybridization have attracted lots of attention, as an outstanding flexible and
versatile approach to fabricate high-performance anodes for LIBs. Up to date,
lots of techniques, such as hydrothermal, template, annealing and microwave
assisting, have been employed to construct nanostructured composites
consisting of various components.149-151 However, there still exist many
challenges to overcome to realize the effective control of the final products’ size,
shape and composition in large scale.152, 153 Moreover, further investigations are
needed to reveal the correlation of the composition and nanostructure with the
material’s electrochemical properties in LIBs.154, 155 We hope the researches in
this thesis could enlighten others’ scientific studies in terms of lithium ion
batteries’ anodes.

2.5

Summary

In a through literature review, iron oxides, a category of prospective candidates
as anode for LIBs, show many virtues of low cost, high theoretical capacities
and environmental benignity. However, some common issues of transition
metal oxide anodes, such as severe volume change during cycling and low
conductivity, are inevitable for iron oxide electrode. These issues are expected
to be overcome from the aspects of particle size control, morphology
engineering, operating voltage control and binder. By the virtue of the synergic
effect and flexibility of tailoring functionality, heterogeneous nanostructure
could effectively improve anodes’ electrochemical performance, meanwhile,
inhibiting the side-reaction between active particles and electrolyte derived
from the downsizing into nanoscale. Nevertheless, it is still difficult to realize
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the precise control of the nanostructured composites’ particle size and
morphology. Moreover, the detailed electrochemical reaction process and
structure transition of iron oxides anodes during cycling is not yet fully
understood. Then, further investigations on nanostructured iron oxides anodes
are needed to resolve these puzzles.
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Chapter 3
Experimental Methodology
In this chapter, the methods and chemical reaction mechanism of
iron oxide-based anodes’ preparation are demonstrated. The
working principles of utilized characterization techniques are
explained and all the related measurement conditions are exhibited.
After all, the performance evolution procedures of the as-prepared
electrodes for LIBs are illustrated.
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Materials Preparation

3.1.1 Synthesis of Nanostructured Fe3O4/Carbon Composite

Recently, In-situ synthesis of nanostructured metal oxide/carbon hybrids via
thermal decomposition of metal-organic frameworks (MOFs) or porous
coordination polymers (PCPs) has appealed lots of attention and been
intensively investigated. As an alternative category of hybrid microporous
materials, MOFs is formed in an appropriate solution via the coordination
between metal ions or clusters and organic ligands to form various
nanostructures. Due to the special crystalline structures of MOFs, some
advantages, such as high specific surface area, tunable chemical property and
tailored porosity, are expected to be accomplished. Therefore, MOFs have
demonstrated a great potential for various applications of drug delivery, sensing,
gas storage and catalysis. Inspired by the desirable frameworks of MOFs
consisting of the nodes of transition metal ions or clusters and the struts of
organic ligands, MOFs have been taken into account as effective precursor or
precursors to prepare different nanostructured metal oxide/carbon based hybrids.
In comparison with other methods, MOFs-derived carbon frameworks usually
show high porosity and uniform nanostructure, giving rise to excellent
electrochemical performance.
For example, ZnO nanoparticles and ZnO@C hybrid composites were
synthesized using thermal annealing of Zn-MOF under different atmosphere
conditions.156 The obtained ZnO@C composites showed the nanostructure of
faceted ZnO crystals embedded in the porous conductive matrix. Due to the
organic pollutants, the nanostructured composite possessed an enhanced
adsorption

capacities

and

photocatalytic

decomposition

activity.

A

Fe3O4/carbon composite of high porosity was synthesized by pyrolysis of FeMOF in the nitrogen. The unique properties of the corresponding products, in
terms of the hydrophobic behavior and surface area, can be achieved at different
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pyrolysis temperature.157 They have been considered to be promising recyclable
superadsorbent for removal and recovery of pollutants. Additionally, the
reduction intermediates of MOFs such as metallic nanoparticles can be used to
catalysts for the growth of CNTs or graphene during the thermal process. Based
on this theory, the Co@CNTs/porous carbon hybrids is synthesized by in situ
thermal decomposition of MOF-encapsulated Co3O4.158 The as-prepared
composite indicated an excellent electrocatalytic activity with high efficiency
for the ORR and OER. Meanwhile, due to their unique nanostructure, the
promising performance and long-term stability can be achieved in the
application of Zn-air cells as active materials.

(a) Synthesis of Fe3O4@porous carbon matrix

All the purchased chemicals were from Sigma Aldrich and utilized in analytical
grades with no further purification. First of all, the synthesis of MIL-53 (Fe)
was performed following the research described elsewhere159. 0.2 mmol iron(III)
nitrate hexahydrate (Fe(NO3)3·6H2O) and 0.2 mmol TPA (Terephthalic acid)
were dissolved in 10 ml DMF (N, N-Dimethylformamide). Subsequently, the
mixture was sealed in a Teflon-lined stainless-steel autoclave with capacity of
20 ml, which was kept at 120 ℃ for 12 h. Then the MIL-53 (Fe) product of
yellow color was collected with centrifugation and rinsed with methanol for at
least 5 times, at the centrifugation speed and time of 5000 rpm and 5 mins. The
product was then totally dried at 60 ℃ in an oven for overnight. Finally, the
Fe3O4@porous carbon matrix was obtained via the pyrolysis of MIL-53 (Fe) at
600 ℃ for 5 h in nitrogen at the heating rate of 2 ℃ min-1.

(b) Synthesis of Fe3O4@porous carbon matrix/graphene

All the purchased chemicals were purchased from Sigma Aldrich and used in
analytical grades without purification. The synthesis of GO (graphite oxide)
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sheets was performed using KMnO4 (Potassium permanganate) in concentrated
H2SO4 (Sulfuric acid) via modified Hummers method.160 2 g of graphite powder
with the average size of less than 20 µm and 2 g of sodium nitrate (NaNO3)
were stirred into the solution of 100 ml concentrated H2SO4. The mixture above
was mixed and strongly stirred in a 1L reaction flask for 15 mins, which had
been cooled to 0 ℃ in an ice-bath in case of safety issue. Then 12 g powder of
KMnO4 was slowly added into the suspension to prevent the temperature from
exceeding 20 ℃, while vigorous agitation was maintained. The reaction was
held for 48 h, keeping the suspension continuously stirred after the ice bath was
removed. At the end of the reaction, 560 ml of DI water was stirred into the
solution, causing the temperature climbing up to 98 ℃ and violent
effervescence. Finally, 40 ml of H2O2 was added to reduce the residual KMnO4
to soluble manganese salt. The resultant mixture was collected by centriguation
and washed with a mixture of 6 wt% H2SO4/1 wt% H2O2 aqueous solution.
Afterward, the product was further washed with DI water and dried at 60 ℃ for
36 h under vacuum.
Then, the approach of chemical deposition was utilized in the growth of MIL53 on the GO substrate. MIL-53/GO was prepared by the method as following.
0.2 mmol Fe(NO3)3·6H2O was added into 10 ml GO of DMF suspension (0.1
mg ml-1) under ultrasound for 8 h. After that, 0.2 mmol Terephthalic acid was
added into the above mixture and was treated under ultrasound for 2 h. Then,
the mixed solution was transferred into a Teflon-lined stainless-steel autoclave
with capacity. After solvothermal reaction at 120 ℃ for 12 h, the product of
MIL-53/GO was washed with methanol and collected by centrifugation at speed
and duration of 5000 rpm and 5 min. Then, the as-prepared MIL-53/GO hybrids
were dried at 60 ℃ in an oven for overnight. Finally, the Fe3O4@porous carbon
matrix/graphene were obtained through the approach of thermal decomposition
of MIL-53/GO at 600 ℃ for 5 h in nitrogen (2 ℃ min-1).
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3.1.2 Synthesis of Nanostructured Fe2O3/MnO2 Composite

To data, various nanostructured hybrids have been widely studied in the area of
electrochemistry. The structural integrity of both the core and shell active
materials could contribute to the enhanced electrochemical energy storage.
There still many challenges in the fabrication of core-shell nanowires, nanorods
and nanotubes with different nanostructures. The recent progress has been
achieved in exploring and developing economic and facile approaches for
controllable synthesis of core-shell and complicated heterostructure arrays.
However, there is still no simple and high-efficiency method to prepare coreshell metal oxide/metal oxide hybrids with superior electrochemical
performance. Herein, a facile method of chemical bath deposition would be
applied to synthesize the Fe2O3/MnO2 composite.

(a) Fabrication of FeOOH nanorods

All the purchased chemicals were from Sigma-Aldrich and employed in
analytical grades without purification. First of all, the β-FeOOH nanorods were
synthesized with the modified method.161 1.08 g iron (III) chloride hexahydrate
(FeCl3·6H2O) and 0.5 g PVP (Polyvinylpyrrolidone, 5,5000 MW) were
dissolved in 40 ml DI water. The whole solution was kept gently stirring at 85 ℃
with water bath for a duration of 12 h. The as-obtained product of β-FeOOH
nanorods was collected by centrifugation with the rotation speed and duration
of 8000 rpm and 10 min and then washed with 50 ml water. The rinse
procedure was conducted for 8 times. Afterwards, the β-FeOOH nanorods was
dispersed into 40 ml DI water, forming a suspension.

(b) Fabrication of FeOOH/MnO2 nanorods
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All the purchased chemicals were from Sigma Aldrich and exploited in
analytical grades with no requirement to purify. To obtain the FeOOH/MnO2
core-shell

nanorods,

0.5

ml

of

Manganese(II)

nitrate

tetrahydrate

(Mn(NO3)2·4H2O) solution (0.03g ml-1, DI water) was added into the 4 ml of
the as-prepared β-FeOOH suspension. Then, 0.5 ml of KMnO4 aqueous
solution (0.019 g ml-1) was slowly dropped into the above slution under
continuous stirring. The reaction was maintained for 24 h, keeping the
condition of stirring at room temperature. To purify the product, the brown
precipitate was collected by centrifugation (8000rpm, 5 min) and then rinsed
with DI water for at least 3 times. Finally, the as-obtained FeOOH/MnO2
composite was dried at 60 ℃ in an oven for overnight.

(c) Fabrication of Fe3O4@porous carbon matrix/graphene

The Fe2O3/MnO2 hybrids with different nanostructure and composites were
prepared under different anealing conditions. The hierarchical structured porous
Fe2O3/MnO2 nanorods was obtained via anealing of FeOOH/MnO2 composite at
300 and 400 ℃. As the annealing temperature of FeOOH/MnO2 composite
changed to 500 ℃ in the air (2 h, 1 ℃ min-1), the hollow structured
Fe2O3/MnO2 nanorods could be prepared. The as-prepared product annealed at
600 ℃ for 2 h in the air with heating rate of 1 ℃ min-1 was
Fe2O3/(Fe0.42Mn0.58)2O3/MnO2 composite.

3.1.3 Synthesis of Hollow and Porous Fe2O3 Microspheres

Size and morphology control of nanomaterials synthesis attracts much attention
of scientists around the world, in terms of scientific and technological interests.
Compared

to

other

morphologies,

well-defined

hollow

and

porous

nanostructure have been extensively studied due to their extreme potential of
application in my fields such as sensing, energy storage, drug delivery and
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catalysis, ascribing to its high specific surface area and enhanced activity. To
date, lots of researches have been made to explore and develop an effective and
facile method for the fabrication of nanomaterials with hollow and porous
nanostructure. Compared to other approaches, the ion exchange of sacrificing
templates shows the superiorities of flexibility, ease of operation and
controllability, and lots of inorganic materials with different interior
nanostructures have been fabricated though cation or anion exchange. The
complexity of interior nanostructure can be generated under the effect of
nanoscale Kirkendall effect.
For example, the reaction of ionic exchange was exploited for forming
multishelled structured Cu2S microspheres.162 Through controlling a number of
important process parameters such as reactant concentrations, amount of
capping agents and reaction temperatures in the chemical conversion of Cu2O to
Cu2S, the formation of single, double, triple or even quadruple shells can be
achieved. Yu et al. reported a vapor-solid deposition approach for the evolution
of hollow TiO2 nanostructures.163 The cation exchange reaction between TiCl4
vapor and ZnO solid contributed to the phenomena of hollow nanostructures
formation, which were in a good agreement with the Kirkendall effect. The asprepared 3D TiO2 nanoforests showed excellent photoelectrochemical
performance, due to the unique hollow nanostructure and trace of Zn element
left in the TiO2 crystals.

(a) Fabrication of zinc citrate microspheres template

All the purchased chemicals were purchased from Sigma Aldrich and used in
analytical grades without purification. The template of zinc citrates
microspheres were prepared through a modified method reported previously164.
First of all, 0.392 g of zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 0.110 g of
sodium citrate tribasic dihydrate (C6H5Na3O7·2H2O) and 0.105 g of
hexamethylenetetramine (HMT) were dispersed into 50 ml DI water to form a
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solution. Then, after severe mixture for more than 20 min, all the reactants were
thoroughly dissolved. Thereafter, the suspension was kept reacting at 90 ℃
with water bath for 20 min. The obtained zinc citrate templates were
subsequently separated by centrifugation (rotation speed of 500 rpm and
duration of 5 min) and washed with the DI water/ethanol mixture (volume ratio
of 1:1) for at least 5 times. Finally, the zinc citrate product of white color was
dried in an oven at 80 ℃ for 12 h.
(b) Fabrication of hollow and porous α-Fe2O3 microspheres

All the purchased chemicals were from Sigma Aldrich and utilized in analytical
grades with no further purification. To synthesize how and porous α-Fe2O3
microspheres, 0.02g of zinc citrate templates was firstly dispersed into 10 ml of
DI water via ultrasonication for 5 min. Then, 10 ml of 0.1 M iron(II) sulfate
heptahydrate (FeSO4·7H2O) aqueous solution was quickly added into the asprepared zinc citrate suspension and the reaction was maintained for 24hrs
under gently stirring at room temperature. Afterwards, the yellow product was
collected by centrifugation, with the limited rotation speed and duration of 4000
rpm and 5 min, and washed with a mixture of DI water and ethanol (volume
ratio of 1:1) for 3 times. Finally, the as-obtained product was transferred to a
box furnace and heated to 600 ℃ for 5h (2 ℃ min-1) in the air, after the drying
process in an oven at 80 ℃ for 12 h.

3.2

Materials Characterization

3.2.1 Power X-ray Diffraction

In 1912, the functionality of the crystal lattice spacing in the crystalline
substances as 3D diffraction gratings for X-ray wavelengths was discovered by
Max von Laue. Since then, X-ray diffraction (XRD) has turned to be a common
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technique to identify the materials’ atomic spatial arrangement and crystal
structure. The interference between monochromatic X-rays and a crystalline
sample could construct the X-ray diffraction. Though being filtered and
collimated, the generated X-rays by a cathode ray tube can be tuned to be
monochromatic and concentrated and directed towards the sample. According
to Braggs’ studies, the constructive interference between the X-rays and the
samples should satisfy Bragg’s Law which reveals the relationship between the
wavelength of the incident X-ray beam (λ), the diffraction angle (θ) and the
distance between atomic layers (d) in a crystal, as shown below.165
nλ = 2d sin θ
Along with scanning of X-ray beam at different diffraction angles of 2θ, all the
achievable diffraction directions of the lattice could be obtained owing to the
the powder materials’ random orientation, through detecting, processing and
counting the diffraction X-rays. Due to the unique d-spacings of each crystal
phase, the conversion of the diffraction peaks can be applied to identify the
mineral. The identification is usually achieved as compared to the standard
reference patterns in terms of the measurement result.
X-ray diffractometer is composed of three fundamental components, namely, an
X-ray detector, a sample holder and an X-ray tube. In the X-ray tube, the
cathode would produce electrons by heating a filament. Then the electron will
be accelerated to bombard the target materials under the applied voltage. With
electrons’ enough kinetic energy to extricate inner shell electrons of the target
materials, the characteristic X-ray can be obtained. After filtering by crystal
monochrometers, the monochromatic X-rays required for diffraction would be
obtained. In this thesis, the Bruker AXS D8 advance X-ray diffractometer was
employed to perform the powder X-ray diffraction (XRD) to identify the
chemical composition of materials. In the measurement, the Cu Kα radiation (λ
= 0.15406 nm) was utilized as monochromatic X-ray beam using the maximum
2θ range from 10 o to 80o.
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Figure 3.1 Schematic illustration of working mechanism of XRD.166

3.2.2 Field Emission Scanning Electron Microscopy

Field emission scanning electron microscopy (FESEM) could provide surface
and elemental information at a high magnification. Compared with typical
scanning electron microscopy, FESEM possesses multiple advantages including
the clearer and less electrostatically distorted images, negligible electrical
charging of samples and reduced penetration of electron probes.
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Figure 3.2 Schematic diagram of the SEM working principle.167

In FESEM, the field-emission cathode of the electron gun could provide a
narrow probing beam with a high electron energy, leading to an enhancement of
spatial resolution and eliminated charging and damage of materials. In a
vacuum environment, electrons emitted by the Field Emission Source are
further accelerated under an applied field gradient. Through the tuning of
Electromagnetic Lenses, the electron beam focuses onto the observed materials
surface. The bombardment of electron causes the emission of different electrons
from materials. The generated secondary electrons are caught by a detector and
the surface structure could be revealed by the contrast of the secondary
electrons’ intensity. Finally, the constructed SEM image is shown on a monitor.
A FESEM (JEOL, Model JSM-7600F) was used to characterize the
morphology of materials under 5KV and working distance of 6 cm. In order to
reduce the materials’ overcharge, the deposition of a platinum layer on the
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sample was conducted using a sputtering coater (JEOL JFC-1600). The
attached energy dispersive X-ray (EDS) system was employed to analyze the
composite elements.

3.2.3 Transmission Electron Microscopy

As a powerful tool, transmission electron microscopy (TEM) has been widely
utilized to analyze materials’ nanostructure. The basic principle of TEM
operation is similar to that of the light microscope instead of the usage of
electrons. Corresponding to the much smaller wavelength of electrons
compared with that of light, TEM can bring about many orders of magnitude, in
terms of resolution, higher than a light microscope. As result of the advantages,
the finest details of materials’ crystal structure and features in the structure such
as grain boundaries and dislocations.
In TEM, the electron gun generates the high-energy electron beam which is
then focused, under the effect of the condenser lens, and turns into a small, thin
and coherent beam. With the restriction of the condenser aperture, high angle
electrons could be excluded. After being shone through very thin samples, the
transmitted electron beam could be obtained, depending upon the thickness and
electron transparency of the specimen. Through the further focus of the
objective lens, the transmitted portion would be projected into an image on
phosphor screen or charge couple device (CCD) camera. The contrast of images
can be improved by the employment of optional objective apertures. In the
TEM image, the darker area represents the area of the sample where only a few
electrons could get transmitted through. In the high resolution TEM (HRTEM)
characterization, the electron beam is scattered by the element atomic
electrostatic potential of the sample. After passing through the electromagnetic
objective lens, all the electrons scattered from one crystal atom can be reflected
as one point in the image plane. Then, the HRTEM image can be taken,
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meanwhile, the diffraction pattern is formed at the back focal plane of the
objective lens.
In our work, the TEM images were taken by a TEM system (JEOL, Model
JEM-2100) operating at 200 kV. The EDS elemental mapping characterization
was performed using the scanning transmission electron microscopy (STEM)
mode.

Figure 3.3 The schematic outline of a TEM.168

3.2.4 Brunauer-Emmett-Teller (BET)
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In this Thesis, Brunauer-Emmett-Teller (BET) was applied for the calculation
of the specific surface arear. By BET analysis, the porous structure, including
the pore size distribution, of samples can be measured. In BET theory, the
probing of the physical adsorption of a gas is utilized to quantify specific
surface area of systems of multilayer adsorption. The BET adsorption isotherm
equation for the data treatment is an extension of the Langmuir theory, which is
a theory for monolayer molecular adsorption. The detailed BET equation is
indicated as following.
1
C−1 P
1
=
× +
P
Vm C P0 Vm C
Vα ( P0 − 1)
In the equation, the linear relationship can be maintained in the range of 0.05＜
p/p0 ＜0.35. The most commonly adsorbate applied for BET analysis of the
surface area is Nitrogen. Meanwhile, the characterization process is often
conducted at the boiling temperature. In order to allow the measurement of
surface area at different temperature and measurement scales, some alternative
adsorbates including argon, carbon dioxide and water are also utilized. During
our research, the BET characterization was conducted by accelerated surface
area and porosimetery system (ASAP 2020) using nitrogen at -196 ℃. Before
the sample’s specific surface area was determined, the outgassing process was
performed at 120 ℃ for at least 8 h under vacuum condition.

3.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic
technique which can be used to analyze the electronic state, chemical state and
elemental composition within the materials to a depth of 2 to 5 nm. In principle,
the bombardment of an X-ray with a sample can generate the mission of
electrons from atoms. In order to effectively eliminate the effects of ambient
atmosphere, XPS is needed to be conducted in ultrahigh vacuum conditions
(around 10-9 mbar). During XPS analysis, the sample is irradiated with x-rays of
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sufficient energy which results in the excitation of electrons in specific bound
states. Depending on the incident X-ray and binding energy of the atomic
orbital, the photoelectron can be broken away from the nuclear with a specific
kinetic energy. Except the inelastically scattered electrons, the photo-ejected
electrons undergo no energy loss in escaping into the ambient environment.
And then, these electron beams are captured by an electron analyzer creating
XPS spectra (energy intensity versus binding energy) relying on the
measurement of their kinetic energy.

Figure 3.4 Basic components of XPS system.169

In a typical XPS spectrum, two kinds of features are expected to be obtained.
The first one is that the shift of photo-ejected electrons energy correlates to the
outer valence configuration of the element. The second one is that the binding
energy of an element core level state relates to the identification of the element.
Besides revealing the element’s identification and chemical environment in the
specimen, the intensity of the peaks can also tell the elemental composition.
Due to the proportional relationship between the peak area and the number of
atoms, the chemical composition can be confirmed by calculating the respective
contribution of each peak area. Herein, the chemical states of the materials’
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elements are characterized using an Omicron analyzer EA 125. Survey scans
were performed from 0 to 1200 KV, which was calibrated by the C1s line at
284.2 eV.

3.2.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a kind of technique to measure the
amount of weight change of a material, in various atmospheres, such as helium,
nitrogen and air or in vacuum, either as the heating temperature increases under
a constant climbing rate or along with different durations at constant
temperature. Through TGA measurement, the information of physical
properties, such as vaporization, sublimation, absorption and desorption, can be
provided. Moreover, the thermal chemical reaction under various temperatures
such as chemisorption, desolvation, decomposition and solid-gas reaction can
also be revealed.
Some characteristics of materials can be determined using TGA technique via
the mass change of materials as a result of decomposition, oxidation and loss of
volatiles: (1) materials identification via the comparison of the thermal weightloss patterns, (2) materials’ thermal decomposition kinetics and reaction
decomposition, (3) the composition of carbon and organic species in materials,
(4) the thermal stability of materials. The temperature range for TGA is
routinely from 25o to 900o. The weight of samples required for analysis is the
range of 1 mg-150 mg. And it would be preferred that the sample weights of
more than 10 mg. Herein, the TGA measurement system (TA instrument Q500
apparatus) is used to study the thermal decomposition process of samples,
which were heated to the target temperature at the heating rate of 10 ℃ min-1
under air flow.
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Figure 3.5 The schematic outline of thermogravimetric analysis system.170

3.2.7 Raman Spectroscopy

As a form of vibrational spectroscopy, Raman spectroscopy has been
extensively empoyed to observe the vibrational, rotational and other lowfrequency modes in s molecular. Through the characterization of Raman
spectroscopy, the identification of molecular can be confirmed by the asobtained fingerprints. Different from the infrared (IR) bands corresponding to a
change in the dipole moment of a molecule due to an interaction between light
and materials, Raman bands is due to the polarization change of molecular
because of the same interaction. The observed certain bands can be observed in
Raman spectroscopy and are forbidden in IR, and some bands may be allowed
in both spectroscopies although with different intensities, which means that
these techniques can be thought of as complementary.
The typical Raman measurement is operated via Raman scattering or inelastic
scattering of monochromatic light. It is well known that Raman scattering
(Raman Effect) is defined that in the incident laser light interaction with
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molecular, due to the existence of vibration and rotation, the resulting energy of
scattered radiation would shift up or down (Figure 3.6). The spontaneous
formation of inelastic light scattering is originated from the difference of the
materials’ rotational or vibrational state after interaction with the photon. In this
dissertation, Raman spectra were recorded with a Witec alpha300 SR confocal
Raman system with the 532 nm excitation of a Nd:YAG laser.

Figure 3.6 Energy level involved in Raman measurement.171

3.3

Electrochemical Studies

3.3.1 Coin Cell Fabrication
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Figure 3.7 The structure of the assembled CR 2016 lithium ion coin cells.

In ordet to fabricate the electrode for the electrochemical measurement, the
homogeneous and viscous slurry was prepared by mixing 70% active materials,
20% super p-carbon (metals basis, Alfa) and 10% polyvinylidene fluoride
(PVDF, Sigma Aldrich) in N-mehtylpyrrolidione (NMP, Sigma Aldrich). The
copper foil was covered by an approximately 20 µm thickness of slurry was
covered using a doctor blade and afterwards was left overnight to dry up at
60 ℃. The as-obtained sample was pressed in a twin roller under 10 MPa to
improve the electric contact between active materials and current collector.
After that, the 16 mm diameter of working electrode discs were collected by a
punching machine and were further dehydrated under vacuum condition at 60 ℃
for at least 12 h. The CR 2016 coin cells were assembled in a glovebox filled
with argon (H2O ＜ 0.1ppm, O2 ＜ 0.1ppm, Mbraun, Germany), before the
electrochemical evaluation of materials as anode electrodes for LIBs. In the
assembled coin cells (Figure 3.7), 1M LiPF6 of ethylene carbonate (EC) and
Diethyl carbonate (DEC) (1:1 by volume) solution was utilized as the
electrolyte and pure lithium foils and Celgard 2400 membrane were used as
counter electrodes and the separator, respectively.
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3.3.2 Electrochemical Characterization

After the cell was aged for more than 8 h at ambient temperature, the
galvanostatic charge-discharge cycling test was conducted at 25 ℃ with the
Neware battery test system (Neware, BTS-5V10mA, China) in the voltage
range of 0.01 V to 3.0 V (vs. Li/Li+). The Cyclic voltammetry (CV) test was
performed by using an electrochemical workstation (autolab, PGSTAT302N)
with a scan rate of 0.5 mVs-1 over 0.1 V to 3.0 V (vs. Li/Li+) applied to the test
cells. The electrochemcial impediance spectroscopy (EIS) was used to
characterize the electronic and ionic conductivity of the working electrode in
the frequency range from 0.1 MHz to 0.01 Hz.
With regard to ex-situ TEM and XRD characterization, the cells were charged
to 3.0 V after specific cycling number in the galvanostatic charge-discharge test.
For the purpose of TEM characterization, the as-obtained fully charged cells
were dismantled in the glovebox and the active materials were scraped off from
the working electrode. After the dispersion of active materials into hexane, the
solution was droped onto the carbon coated copper grids. In terms of ex-situ
XRD characterization, the working electrode was place in the XRD holder for
enviromentally sensitive materials in the glovebox.
In ex-situ TEM measurements, several steps were used to eliminate the effect of
surface SEI layer. First of all, the fully charged half-cell was disassembled in a
glovebox filled with argon (H2O＜0.1ppm, O2＜0.1ppm, Mbraun, Germany).
Then, the active material was casted off from the copper substrate and dispersed
in hexane under ultrasonication for at least 30 mins, after the fully delithiated
material was recovered and washed with DEC three times. Finally, the asobtained suspension was dropped on a copper grid in a glovebox and rapidly
transferred to the TEM through a self-designed mobile airlock. Therefore, the
degradation of SEI film and active material can be prevented by avoiding any
exposure to air.
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Hierarchical Three-dimensional Fe3O4@porous Carbon
Matrix/graphene Anodes
In this chapter, the hierarchical three-dimensional Fe3O4@porous
carbon matrix and Fe3O4@porous carbon matrix/graphene are
synthesized by a facile annealing of Mil-53(Fe) templates. Their
electrochemical performances are evaluated as anode materials for
lithium ion batteries. In comparison with Fe3O4@porous carbon
matrix, the Fe3O4@porous carbon matrix/graphene electrode
exhibits a much better cycling performance with the reversible
capacity high up to 1000 mAhg-1 after 500 cycles at 1 C. The
improved performance can be ascribed to the high conductivity and
structure stability provided by the unique graphene based
hierarchical three-dimensional nanostructure.
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Introduction

Recently, tremendous efforts have been laid on the development for the novel
anode materials of lithium ion batteries (LIBs). In the lights of previous studies,
transition metal oxide materials such Fe3O4172-174, Co3O4175-177, SnO2178-180,
ZnO181-183 and MnO2184-186 have attracted lots of interests for their high
capacities compared with the traditional graphite (372 mAhg-1) as the next
generation anode materials. In comparison with other transition metal oxide
materials, Fe3O4 is a great anode material candidate with extremely excellent
properties such as storage abundance, high capacity and low cost187,

188

.

However, transition metal oxide based anode materials usually suffer a severely
huge volume expansion/shrinkage during lithiation/delithiation processes which
would trigger their drastic nanostructure damages and rapid capacity fading189,
190

.

According to previous studies, tuning intrinsic nanostructures effectively
addresses these issues caused by the volume change during cycling191-193. The
nanostructures such as porosity, hollow, core-shell and et. al., could provide a
great strain accommodation, high electrode-electrolyte contact area and reduced
Li-ion diffusion pathway. Graphene, the two-dimensional carbon material, has
been considered as an advanced anode material for LIBs, ascribing to its
superior electrical conductivity, large specific surface area, ultrathin thickness,
chemical stability, and structural flexibility194, 195. It’s also been demonstrated
that graphene can be used in the composites with transition metal oxide to
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improve their electrochemical performance, because that graphene nanosheets
could provide not only the highly conductive matrix for the reduced reaction
resistance but also the buffer layer to address the high volume change induced
strain/stress without aggregation of active particles during cycling196, 197.
In the last few decades, Metal organic frameworks (MOFs), the class of
crystalline materials comprising of organic ligands and coordinated metal ions
or clusters, drew a continuous growing attention as the perfect template for the
synthesis of the transition metal oxide materials, due to their tunable cavities,
large internal surface area, chemical tenability and et. al198-200. Until now, quite
few of the transition metal oxide materials such as Co3O4, MnO2, Fe2O3 and et.
al. with porous and hollow structure have been successfully prepared with facile
combustion method201-208.
Herein, we report a facile strategy to prepare the hierarchical three-dimensional
Fe3O4@porous carbon matrix/graphene as an advanced anode material for highperformance LIBs. The unique hierarchical three-dimensional nanostructure is
designed by in-situ decomposition of the MIL-53(Fe) in nitrogen. In the
evaluation as anode materials for LIBs, the composite displays a superior
electrochemical performance of high reversible capacity, enhanced coulombic
efficiency, excellent cyclic performance, and great rate capability.

4.2

Results and discussion

Both MIL-53(Fe) and MIL-53(Fe)/GO composites were viewed in SEM with
their SEM images shown in Figure 4.1. Figure 4.1a and b are images of MIL59
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53(Fe) particles, taken at different magnifications which appear octahedral
shape with the average size of around 1 µm. However, when GO is introduced
during the MIL-53(Fe) synthesis, GO will act as the template in the synthesis
by providing functional groups such as hydroxyl for the nucleation of MIL
particles. Meanwhile, the premixture and ultrasound treatment guarantee the
sufficient interaction between Fe ions and GO, allowing the homogeneous
nucleation of MIL on the GO surface209. As a result, dense and ordered
amorphous nanoparticles of MIL-53(Fe) grow on the surface of GO as shown in
Figure 4.1c, which can be seen more clearly in the image with higher
magnification (Figure 4.1d). The average size of the MIL-53 particle drops
down to around 200 nm.

Figure 4.1 SEM images of the MIL-53(Fe) (a, b) and the MIL-53(Fe)/GO (c,d).

XRD studies were conducted to identify the crystal structure of the samples.
Figure 4.2a is an experimental XRD pattern collected from the successfully
synthesized MIL-53(Fe) which is consistent with the simulated pattern. It is
worth to note that the XRD pattern of the as-obtained sample doesn’t exactly
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match the simulated one, ascribing to the breathing effect of the framework of
different guest molars inside

210

. The XRD pattern of MIL-53(Fe)/GO

composite (Figure 4.2b) also shows the almost same phase structure as the
sample MIL-53(Fe) does, which indicates the preserved crystalline MIL-53(Fe)
on the surface of graphene oxide. At high temperature in N2, MIL-53(Fe) and
MIL-53(Fe)/GO are decomposed and transformed into the Fe3O4 as determined
from the XRD patterns of the as-obtained products from MIL-53(Fe) and MIL53/GO composite by the indexing of the cubic magnetite phase of Fe3O4
(JCPDS file 19-0629), where five peaks located at the 2θ values of 30.2, 35.6,
43.3, 57.3 and 63.0°are attributed to the reflections of (220), (311), (200), (511)
and (440) lattice planes (Figure 4.2c and d). In addition, the broaden peaks
located at around 28°in Figure 4.2c and d are generated from the (002) planes
of carbon and graphene.211-213

Figure 4.2

XRD patterns of MIL-53(Fe) (a), MIL-53(Fe)/GO (b),

Fe3O4@porous carbon matrix (c) and Fe3O4@porous carbon matrix/graphene
(d).
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The morphological changes of MIL-53(Fe) and MIL-53(Fe)/GO composite
during the process of high temperature treatment in N2 were further investigated
using SEM. Figure 4.3a shows the overall morphology of the as-obtained
product from MIL-53(Fe) imaged in SEM at a low magnification. It is revealed
to be the Fe3O4 nanoparticles with random sizes ranging from 100 nm to 500
nm and embed in porous carbon matrix from the high-magnified SEM image
(Figure 4.3b). The porous carbon matrix is formed by the assembly of carbon
nanowires with diameters of around 40 nm. In terms of the as-obtained product
from MIL-53(Fe)/GO composite (Figure 4.3c and d), Fe3O4 nanoparticles are
demonstrated to have a relatively uniform particle size distribution with a
reduced diameter of around 150 nm. Meanwhile, the in-situ thermal
decomposition of MIL-53(Fe)/GO constructs a hierarchical three-dimensional
nanostructure, comprising of graphene nanosheets-supported Fe3O4@porous
carbon matrix (Fe3O4@PCM).

Figure 4.3 SEM images of the as-obtained Fe3O4@PCM (a, b) and
Fe3O4@PCM/graphene (c, d).
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Figure 4.4a is a TEM image of Fe3O4@PCM, which shows an octahedral shape
of Fe3O4 nanoparticles attached over the porous carbon matrix. The porous
carbon matrix is comprised of around 40 nm sized carbon nanowires. The
zoomed-in image of Fe3O4@PCM (Figure 4.4b) clearly shows a thin carbon
layer that is coated on the surface of Fe3O4 nanoparticles with the thickness of
2.5 nm. The perfection of single crystal of the cubic magnetite phase Fe3O4 is
demonstrated in the high resolution TEM image (Figure 4.4c) taken at a zone
axis of [111]. With regards to Fe3O4@PCM/graphene, the Fe3O4 nanoparticles
encapsulated by porous carbon matrix (Figure 4.5) are seen to be attached to
graphene nanosheets. Figure 4.4e is a bright-field TEM image showing the
projection of two equilateral triangles in the octahedron. It is a perfect cubic
magnetite phase Fe3O4 crystal, as indicated from Figure 4.4f, an atomic lattice
TEM image taken at the zone axis of [102]. Moreover, the elemental
distribution of C, Fe and O elements was performed using STEM-EDX as
shown in Figure 4.6, which proves the heterostructures of Fe3O4@PCM and
Fe3O4@PCM/graphene.

Figure 4.4 TEM and high resolution TEM images of Fe3O4@PCM (a-c) and
Fe3O4@PCM/graphene (d-f), respectively.
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To further analyze the presence of the carbon component in the samples, the
Raman measurement was carried out. As shown in Figure 4.7, the two peaks at
1100 and 600 cm-1, in the low-frequency region, are attributed to the Raman
characteristic bands of Fe3O4. the other two peaks located at 1350 and 1600 cm1

correspond to the D and G bands of the carbon matrix and graphene

components, respectively. The intensity ratios of the D to G band of
Fe3O4@PCM and Fe3O4@PCM/graphene are calculated to be 0.97 and 0.46,
respectively, demonstrating the existence of the graphene nanosheets.
Meanwhile, as compared with the Fe3O4@PCM, the intensity of the
Fe3O4@PCM/graphene’s 2D band at around 2700 cm-1 is increased, ascribing
to the introduced graphene component. As shown in the TGA spectra, the
proportions of Fe3O4 in Fe3O4@PCM and Fe3O4@PCM/graphene are 59.6 wt. %
and 70.0 wt. %, respectively, calculated based on the conversion of Fe2O3
(Figure 4.8).

Figure 4.5 TEM image of Fe3O4@PCM/graphene.
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The specific surface area and porosity of the samples of Fe3O4@PCM and
Fe3O4@PCM/graphene were investigated using N2 adsorption-desorption
isotherms. As seen in Figure 4.9, isotherms of the two samples show the
obvious hysteresis loops, which are attributed to the large porosity and high
surface area in their intrinsic morphologies. According to theoretical calculation,
Fe3O4@PCM and Fe3O4@PCM/graphene display high BET surface areas of
67.7 m2g-1 and 50.5 m2g-1, respectively. The smaller surface area of
Fe3O4@PCM/graphene is speculated to be caused by the reduction of MIL-53
crystal size which leads to the diminished porous carbon matrix. Unlike
Fe3O4@PCM, Fe3O4@PCM/graphene presents a multimodal porosity. The
mesoporous structure (20 nm) is believed to be derived from the porous carbon
matrix. However, the macropore (60 nm) is attributed to the stacking of
graphene nanosheets.
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Figure 4.6 Elemental mapping of Fe3O4@PCM (a) and Fe3O4@PCM/graphene
(b).
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Fe3O4@PCM

Fe3O4@PCM/graphene.

Figure 4.8 TGA curves of Fe3O4@PCM and Fe3O4@PCM/graphene.
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Figure 4.9 Nitrogen adsorption-desorption isotherms and BJH pore size
distribution

(Inset)

of

the

as-obtained

Fe3O4@PCM

(a)

and

Fe3O4@PCM/graphene (b).
The electrochemical performances of the as-obtained Fe3O4@PCM and
Fe3O4@PCM/graphene as anode materials for LIBs were evaluated using the
coin cells. To identity all the electrochemical progress during charge-discharge,
CV was conducted on the cell with Fe3O4@PCM/graphene in the 0.01~3.0 V
range at a scan rate of 0.5 mV s-1. As shown in Figure 4.10a, the three cathodic
peaks located at around 1.4 V, 0.45 V and 0.02 V in the first cycle are ascribed
to the decomposition of electrolyte, the lithiation of Fe3O4 and graphene,
respectively214. Meanwhile, the oxidation of Fe0 to Fe3O4 is related to the
anodic peak at around 1.7 V, which is quite consistent with the previous
studies215. Moreover, in the subsequent cycles, it’s worth to note that both
cathodic and anodic peaks shift positively, indicating the existence of the
structural modification during the first cycle216.
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Figure 4.10 CV curves of the Fe3O4@PCM/graphene electrode at a scan rate of
0.5 mV·s-1 (a) and discharge and charge profiles of the as-obtained
Fe3O4@PCM/graphene (b).

The discharge-charge cycling of the Fe3O4@PCM and Fe3O4@PCM/graphene
electrodes was conducted in the potential window of 0.01~3.0 V at a rate of 0.2
C (200 mA g-1) for 100 times. The 1st, 2nd, 10th and 50th charge-discharge
profiles of the Fe3O4@PCM/graphene are shown in Figure 4.10b. The initial
discharge and charge capacity of the Fe3O4@PCM/graphene electrode are
measured to be 1295 and 874 mAh g-1. The high initial capacity loss is
corresponding to the irreversible decomposition of electrolyte. The high active
surface area from graphene may also cause the high energy consumption for the
formation of SEI film as reported in the literature 187. Two discharge plateaus at
1.4 V and 0.75 V in the first cycle are observed, which can be attributed to the
formation of SEI film and the reduction of Fe component, respectively. In the
charge curve, the potential slop from 1.5 V to 2.3 V is due to the reverse
electrochemical reaction of the active material. With continuous cycling, a long
potential slop instead of the plateaus appears in the discharge profile,
contributed by the textural modification216, consistent with the result of CV test.
There are no obvious changes visible in the charge-discharge curves of the
subsequent cycles, demonstrating the excellent cycling stability of the
Fe3O4@PCM/graphene electrode.
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Figure 4.11 The cycling performance (a) and rate capability (b) of the
Fe3O4@PCM and Fe3O4@PCM/graphene electrodes.
The superior cycling performances of Fe3O4@PCM and Fe3O4@PCM/graphene
electrodes under low current density (0.2 C) for 100 cycles are presented in
Figure 4.11a. The sample of Fe3O4@PCM/graphene delivers an excellent
cycling performance with the initial reversible capacity of 874 mAh g-1. After
100 cycles, the discharge capacity rises to 1077 mAh g-1. Fe3O4@PCM
produces the charge capacity of 837 mAh g-1 in the first cycle, much like the
charge capacity offered by Fe3O4@PCM/graphene. After 100 cycles, however,
the cycling capacity of Fe3O4@PCM gradually drops to 600 mAh g-1. The
calculated capacity from carbon and graphene in Fe3O4@PCM and
Fe3O4@PCM/graphene are around 46.92 and 427.4 mAh g-1, respectively.

Figure 4.12 The cycling performance of the Fe3O4@PCM/graphene (a) and
Fe3O4@PCM (b) at 1 C
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Figure 4.11b proves the excellent rate performance of Fe3O4@PCM/graphene.
In the multiple-step galvanotactic charge-discharge test, as the current density
increases to 1 C, 2 C, 5 C and 10 C, the specific capacities are remained to be
760 mAh g-1, 665 mAh g-1, 510 mAh g-1 and 407 mAh g-1. The capacity of more
than 1000 mAh g-1 is recovered when the current rate returns to the initial value
of 0.1 C. To further probe the high rate property of Fe3O4@PCM/graphene, the
sample was investigated in the cycling test under 1 C rate for 500 cycles. As
shown in Figure 4.12a, the retention of the specific cycling capacity is up to
more than 1000 mAh g-1. However, the capacity of Fe3O4@PCM/graphene
fades rapidly to around 700 mAh g-1 when it is subjected to the initial several
cycles and then gradually rises to more than 1000 mAh g-1. It is believed that
the occurrence of this phenomenon relates to the reversible formation of the
polymer-like film by the electrochemical degradation of electrolyte and the
electrochemical activation process to facilitate lithium ions pathway between
electrode and electrolyte during cycling217,

218

. In comparison, Fe3O4@PCM

was also found to present great cycling performance under 1 C rate (Figure
4.12b). After 500 cycles, the cycling performance of Fe3O4@PCM is still
maintained to be more than 800 mAhg-1.

Figure

4.13

The

Nyquist

plosts

(b)

of

the

Fe3O4@PCM

Fe3O4@PCM/graphene electrodes before cycling and after 500 cycles (1 C).
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Apparently, such distinguished electrochemical performances provided by
Fe3O4@PCM and Fe3O4@PCM/graphene are attributed to the intentionally
designed three-dimensional hierarchical nanostructure on graphene nanosheets.
219-221

On one hand, the synergic effects between Fe3O4 nanoparticles and

graphene and porous carbon matrix not only suppress the aggregation, cracking
or crumbling of active materials but also provides an elastic buffer layer to
accommodate the dramatic volume change during discharge-charge process.
The graphene and carbon matrix, on the other hand, serve a high ionic and
electronic conductivity for intercalation/deintercalation of lithium ions. In
addition, the interlayer space of graphene nanosheets enables to increase the
effective contact area with electrolyte and shorten the diffusion pathway for
lithium ions. As summarized in Table 4.1, the superiority of the designed
nanostructure can be demonstrated in comparison with most of the state-of-art
electrodes.
Figure 4.13 shows electrochemical impedance spectra (EIS) of Fe3O4@PCM
and Fe3O4@PCM/graphene before and after 500 cycles. The semicircles located
at high and medium frequencies are attributed to the contact and charge transfer
impedance, respectively. The inclined straight line is associated with the
lithium-diffusion process which is responsible for Warburg impedance. For
fresh electrodes at the high and medium frequency, Fe3O4@PCM/graphene
generates much smaller diameters of the semicircles than the Fe3O4@PCM,
indicating that the introduction of graphene improves the electric and ionic
conductivity of the electrode. Interestingly, after 500 cycles under 1 C rate, the
diameters of the semicircles of samples in both high and medium frequency
areas become noticeably smaller (inset Figure 4.13). This extraordinary
phenomenon suggests the happening of the textual modification during the
cycling process, which activates the electrochemical reaction progress of Li-ion
insertion and extraction.
In order to verify the benefits from the designed hierarchical three-dimensional
nanostructure,

the

morphologies
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Fe3O4@PCM/graphene after 500 cycles (1 C) were examined in TEM. The
intrinsic morphology of the porous carbon matrix is seen to be maintained after
a long cycle-life that is covered by a thick SEI film (Figure 4.14a). Meanwhile,
the pristine Fe3O4 nanoparticles transform into the nanocrystals with the size of
10 nm which then attach to the carbon nanowires due to the lithium driven
structural or textual modification (Figure 4.14b). These results suggest that the
porous carbon forms a very stable framework which can accommodate the
continuous volume change and rapid electron/ion transportation leading to the
enhanced cycling performance. However, some Fe3O4 nanoparticles are found
to be detached from carbon matrix (Figure 4.14b). After 500 cycles, the similar
structural reconstruction is observed in the Fe3O4@PCM/graphene electrode
(Figure 4.14c and d). Fe3O4 particles are found to turn into 5 nm sized ultrafine
nanoparticles anchored on graphene nanosheets, affording a high specific active
area and a short ion diffusion pathway. Benefiting from the graphene based
hierarchical three-dimensional nanostructure, the effective utilization of the
active Fe3O4 nanoparticles can be achieved, in addition, the electrical
detachment of nanoparticles is eliminated (as seen in Figure 4.14d). Herein, we
can emphasize that the existence of graphene could effectively suppress the
mechanical disintegration of active material during cycling.
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Table 4.1 Cycling performance comparison with some reported Fe3O4 anode
Fe3O4 Anodes

Current

Cycling

Capacity

Density

Number

(mAh g-1)

Ref

(mA g-1)
Mesoporous Fe3O4

90.5

50

825

222

Porous Hollow Fe3O4/C beads

500

50

537

12

Porous Fe3O4/C Microbelts

100

50

710

223

500

50

660

224

400

300

708

225

Fe3O4@PCM

1000

500

800

Fe3O4@PCM/graphene

1000

500

1000

Flexible Free-standing Hollow
Fe3O4/graphene
Graphene-wrapped Fe3O4-graphene
Nanoribbons
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Figure 4.14 TEM images of Fe3O4@PCM (a, b) and Fe3O4@PCM/graphene (c,
d) after 500 cycles at 1 C.
4.3

Conclusion

In summary, the Fe3O4@PCM was obtained by the in-situ decomposition of
MIL-53 (Fe). Furthermore, the hierarchical three-dimensional nanostructure
was

built

by

the

Fe3O4@PCM/graphene.

introduction

of

Compared

graphene

with

the

to

synthesize

Fe3O4@PCM,

the
the

Fe3O4@PCM/graphene delivers a much better cycling performance, whose
reversible capacity can maintain over 1000 mAh g-1 (500 cycles at 1 C). The
75

Fe3O4@porous Carbon Matrix/graphene Anodes

Chapter 4

graphene based hierarchical three-dimensional nanostructure is believed to
bring a huge contribution to stabilizing the intrinsic morphology of the active
material during cycling.
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Chapter 5
Investigation on Nanoscale Ion Intermixing Induced
Activation of Fe2O3/MnO2 Composites
In this chapter, we demonstrate a facile method to prepare hollowstructured oxygen-vacancy-rich Fe2O3/MnO2 nanorods. Our results
have shown that the oxygen vacancies are induced by nanoscale ion
intermixing between Fe and Mn ions, during annealing process. In
the performance evaluation, owing to the unique core-shell hollow
nanostructure and the presence of oxygen vacancies, Fe2O3/MnO2
nanorods show excellent electrochemical performances as anodes
for lithium ion batteries, whose reversible capacity maintains more
than 700 mAhg-1 after 2000 cycles.
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Introduction

Currently, transition metal oxide based materials have appelaed much
attention for their promising potential of applications as elemental
components of LIBs catalysis, chemical sensor and electronic deviecs.226228

Due to their superior performance and applicability, lots of efforts

have been laid on the rational development and synthesis of advanced
core-shell heterostructured transition metal oxide materials such as metal
oxide/metal oxide229,

230

, metal oxide/semiconductor231,

232

, metal

oxide/conductive polymer233, 234 and metal oxide/metal235-237. The various
hybrid architectures could effectively combine advantages of components
and provide excellent synergetic properties and multifunctionalities
through reinforcement or modification of composites. 238-240 In this context,
intensive studies have been devoted to developing different strategies for
preparing

various

transition

metal

oxides

based

heterostructured

nanomaterials.
However, to a great extent, the intrinsic electrochemical properties of
heterostructured

materials

rely

on

their

interior

structure

and

components‘ properties.241-243 From this perspective, different metal
oxides based core-shell nanomaterials with hollow, porous and yolk-shell
interior structures have been studied.102,

244-248

For example, Wang et.

al.249 reported the synthesis of hierarchical core-shell tubular CuO/other
metal oxides arrays with a controllable two-step fabrication technique,
which presented higher lithium storage capacity and improved cycling
performance, compared with CuO nanorods and CoO nanoneedles on Ni
foam. Moreover, hollow and porous core-shell CoO/TiO2 nanorods were
prepared with the assistance of atomic layer deposition.250 In the aspect of
lithium ion batteries (LIBs), the fabricated hollow interior with high
surface area and short diffusion paths usually leads to an exceptionally
improved electrochemcial performance. The large surface area endows
78

Investigation on Fe2O3/MnO2 Composites

Chapter 5

active materials with extra active sites and increased diffusion rate for Li
ions and electrons. Meanwhile, the hollow structure could provide extra
space to facilitate the large volume expansion/contraction and alleviate
the structural strain and stress associated with Li ions insertion/extraction
process.251-253
Among all these candidates, Fe2O3 and MnO2 have always been
considered as two kinds of promising alternatives for next generation
anode materials of lithium ion batteries (LIBs). They possess several
superior properties such as high theoretical capacities (1007 mAh g-1 and
1232 mAh g-1, respectively), environmental friendliness and low cost. 254256

However, the poor electrical conductivity (10-5-10-6) of MnO2 severly

restricts its practical application as high-performance anode materials for
LIBs.257-259 According to previous studies, the major stategy developed to
improve its conductivy is to construct MnO2 based nanocomposite with
conductive materials such as carbon nanotubes, graphene and conductive
polymer. An expected improvement on their electrochemical performance
is usually brought about through the desirable nanostructure, but the
limitation of the MnO2/conductor interfaces would cause the restricted
conductivity reinforcement from external components.26, 260-262
Recent reports have shown that the introduction of oxygen vacancies into
MnO2 could effectively boost the intrinsic conductivity of MnO2.263, 264
So far, numerous approaches such as doping and hydrogenation have
been deveoped to fabricated oxygen-deficient MnO2, yet there are lack of
reliable and effective methods to intrinsically improve the conductivity of
MnO2 via the formation of oxygen vacancies.265-267 Herein, hollowstructured oxygen-deficient Fe2O3/MnO2 nanorods were synthesized via a
surfactant-assisted coating of MnO2 on FeOOH nanords, followed by
thermal annealing in the air. The oxygen-vacancy-rich MnO2 shell was
observed to be formed as a result of ion intermixing during heating
process. It is expected that the unique hollow structure with oxygen79
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deficient MnO2 shell could offer high specific surface area, enhanced
ionic and electronic conductivity and great structural stability against
volume change leading to a long-term cycling life, excellent rate
capability and improved reversible capacity as anode materials for LIBs.

5.2

Results and discussion

Figure 5.1 FESEM images of FeOOH nanorods.

The hollow-structured Fe2O3/MnO2 nanorods were prepared through a
two-step process. Frist of all, PVP decorated FeOOH nanorods were
fabricated through a typical hydrolysis reaction of ferric chloride in a
PVP-containing aqueous solution.

Rod-like products with an average

diameter of 50 nm and an average length of 150 nm can be observed in
Figure 5.1, a SEM image showing the surface morphology of FeOOH
nanorods. Subsequently, the hierarchical MnO2 shell uniformly grows on
the surface of FeOOH nanorods using the typical symproportionation
precipitation reaction whose formula could be described as followed [Eq.
(1)]268:
3Mn2+ + 2MnO4− + 2H2 O → 5MnO2 + 4H +

(1)

Finally, the hollow-structured Fe2O3/MnO2 composite is formed under the
annealing condition of 500 ℃ in the air for 2 h.
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Figure 5.2 XRD patterns and SEM images of the FeOOH/MnO2 coreshell nanorods (a, c) and the hollow-structured Fe2O3/MnO2 nanorods (b,
d).

The crystal structure and phase purity of FeOOH/MnO2 nanorods (Figure
5.2a) and the as-obtained product annealed at 500 ℃ (Figure 5.2b) were
performed by the means of XRD measurement. All the XRD diffraction
peaks of the pattern in Figure 5.2a are assigned to pure tetragonal βFeOOH (JCPDS 34-1266), indicating the highly crystalline nature of βFeOOH nanorods and the amorphous structure of the MnO2 component in
FeOOH/MnO2 nanorods. The complete decomposition of FeOOH and the
crystallization of MnO2, after 500 ℃ calcination, can be verified in the
XRD pattern of the final product, as shown in Figure 5.2b. All the
reflections can be indexed to α-MnO2 (JCPDS 44-0141) phase except the
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weak peaks belonging to α-Fe2O3 (JCPDS 33-0664), suggesting the high
purity of the as-obtained product.

Figure 5.3 TEM (a, b) and high resolution TEM (c, d) images of the
FeOOH/MnO2 nanorods.
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Figure 5.4 TEM (a) and high resolution TEM (b-d) images of the hollowstructured Fe2O3/MnO2 nanorods.

SEM and TEM were used to investigate the nanostructure formed during
anealing process. Figure 5.2c and d show SEM images of both
FeOOH/MnO2

nanorods

and

the

hollow-structured

Fe2O3/MnO2

composite. After precipitation reaction, the hierarchical structured MnO 2
homogeneously grows on the surface of FeOOH nanorods (Figure 5.2c).
The TEM images of FeOOH/MnO2 in Figure 5.3 confirm that the
crystalized FeOOH nanorods were coated with around 10 nm-thick
amorphous MnO2 layer. In the case of the Fe2O3/MnO2 composite, TEM
images (Figure 5.4a and b) reveal that the Fe2O3/MnO2 composite
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possesses a core-shell hollow nanostructure, meanwhile, after annealing
treatment, the hierarchical structured MnO 2 layer is converted to a
relatively smooth and compact shell, in accordance with the SEM image
(Figure 5.2d), which can be assumed to be originated from the inward
movement of MnO2, under heating conditions, according to the reduced
nanorods diameter. The phase structure of the hollow-structured
Fe2O3/MnO2 nanorods is demonstrated in HRTEM images (Figure 5.4bd). As shown in the selected-area electron diffraction (SAED) pattern
(Figure 5.5), the entire Fe2O3/MnO2 nanorod displays the property of
single crystallization. The interior Fe2O3 core is covered by the MnO2
layer of 5 nm thickness (Figure 5.4b). To reveal the relationship between
Fe2O3 and MnO2 crystal structure, the enlargements of the white line
square parts are demonstrated in Figure 5.4c and d. As shown in Figure
5.4c, the interplanar distance of 0.26 nm measured corresponds to the
spacing between (222) planes of α-Fe2O3 crystals which is imaged at a
zone axis of [001]. Meanwhile, the outer shell of α-MnO2 (Figure 5.4d) is
nanocrystalized based on the indexing of FFT (the inset) and the
interplanar spacing of (031) is measured to be 0.25 nm, indicating the
epitaxial relationship between the MnO2 shell and Fe2O3 core along the
direction of (220)α-Fe2O3. The elemental distribution on Fe2O3/MnO2
nanorods was performed using EDX in scanning TEM mode. The signals
of Fe, Mn and O are indicated in Figure 5.6, which distribute in the whole
nanorod region with a dark ring in the middle, revealing the occurence of
mutual ionic diffusion during annealing process. The SEM-EDX analysis
was empolyed to determined the ratio of Fe to Mn, showing the molar
ratio of around 1:1 in the Fe2O3/MnO2 composite (Figure 5.7).
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Figure 5.5 TEM image (a) and SAED pattern (b) of the hollow-structured
Fe2O3/MnO2 nanorod.

To analyze the chemical states of the Fe 2O3/MnO2 composite, XPS
measurement was performed (Figure 5.8). As shown in C1s XPS data
(Figure 5.8a), three refined peaks at binding energies of 284.6, 286.0 and
288.5 eV can be resolved from a broad peak, corresponding to various
bonds related to C-C, C-O, and C=O, respectively, which could come
from a result of the decomposition from PVP.269-272 In the high resolution
XPS spectrum of Mn2p (Figure 5.8b), the bonding energies of Mn2p3/2
and Mn2p1/2 centered at 641.8 and 653.3 eV, respectively, present a spin
energy separation of 11.5 eV, which is in good agreement with the
previous reported MnO2.273 It also can be seen that the deconvoluted
Mn2p3/2 and Mn2p1/2 spectra display doublet peaks with separated
binding energies of 642.7 and 654.2 eV and 641.5 and 652.8 eV ,
attributed to Mn3+ and Mn4+, respectively.274-277 The surface oxidation
state for the hollow-structured Fe2O3/MnO2 is calculated to be 3.47,
verifying the existence of oxygen nonstoichiometry in the MnO 2 layer.
The introduction of oxygen vacancies can result in the conductivity
enhancement of the MnO2, leading to an improved electrochemical
performance for LIBs anodes. Figure 5.8c shows the Fe2p XPS spectrum,
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in which the Fe2p3/2 and Fe2p1/2 peaks appear at 710.2 and 724 eV,
respectively, with a shake-up satellite peaks at 719 eV, indicating the
formation of Fe2O3, which is consistent with the XRD result.278 As for the
O1s spectrum (Figure 5.8d), the main portion of the response at 529.2 eV
is originated from oxygen species in the oxide lattice and the peaks at 531
and 533.1 eV may come from the OH- radical and absorbed H2O outside,
respectively.279-281

Figure 5.6 Elemental mapping of the hollow-structured Fe2O3/MnO2
nanorods
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Figure 5.7 EDX quantitative analysis of the hollow-structured Fe2O3/MnO2
composite on the selected region.

Figure 5.8 C1s (a), Mn2p (b), Fe2p (c) and O1s (d) XPS spectra for the
hollow-structured Fe2O3/MnO2 nanorods

To further investigate the formation process of the unique oxygendeficient nanostructure, FeOOH/MnO2 nanorods were annealed at
different temperature of 300, 400 and 600 ℃ for the same duration in the
air. The as-obtained products were designated as Fe-Mn-300, Fe-Mn-400
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and Fe-Mn-600, respectively, and characterized by XRD, SEM, TEM and
XPS techniques. A morphological evolution from hierarchical core-shell
porous nanorods to core-shell hollow and triple-layer core-shell nanorods
is revealed in the sequential TEM and SEM images (Figure 5.9-5.12). The
nanostructure transformation has indicated that there happens a slow
thermal shrinkage of the MnO2 layer, confirming the inward movement of
MnO2 initiated by the annealing treatment. Additionally, the solid
reaction between Fe2O3 core and MnO2 layer occurs to form the cubic
(Fe0.42Mn0.58)2O3 bixbyite intermediate layer, as the annealing temperature
rises to 600 ℃, verifying the presence of element diffusion across the
interface (Figure 5.12). The migration of MnO2 during annealing process
is further studied by the EDX line-scanning technique. Figure 5.13 shows
the EDX line-scanning profiles of Fe-Mn-300, Fe-Mn-400, hollowstructured Fe2O3/MnO2 and Fe-Mn-600. As shown in Figure 5.13, the
portion of Mn element tends to increase in the inner part of the nanorod
with increasing temperature, which is in good agreement with the TEM
results. As displayed in the high resolution XPS spectra of Mn2p (Figure
5.14), the mean valence states of Mn is 4.00, 3.90 and 3.40 in Fe-Mn-300,
Fe-Mn-400 and Fe-Mn-600, respectively, showing the reduction of the
Mn oxidation state with increasing temperature. And the low valence of
Mn in Fe-Mn-600 is believe to be derived from the solid-state reaction at
the Fe2O3/MnO2 interface, forming the (Fe0.42Mn0.58)2O3 phase. Our
observation on these temperature-dependent final products reveals the
process of MnO2 inner migration accompanied by the formation of
oxygen vacancies. We thus propose an ion-intermixing growth
mechanism to understand the formation of oxygen vacancies based on our
analysis.
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Figure 5.9 SEM images and XRD patterns (d) of the as-obtained products from
the subsequent annealing treatment of 300 (a), 400 (b) and 600 (c) ℃.
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Figure 5.10 TEM (a), high resolution TEM (b) images and elemental mapping
(c) of the as-obtained products at 300 ℃.
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Figure 5.11 TEM (a) and high resolution TEM (b) images and elemental
mapping (c) of the as-obtained products at 400 ℃.
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Figure 5.12 TEM (a), high resolution TEM (b-e) images and elemental
mapping (f) of the as-obtained product at 600 ℃.
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Figure 5.13 Bright-field scanning TEM images (top) and corresponding EDX
line-scanning profiles (bottom) of the products annealed at 300, 400, 500 and
600 ℃.

As indicated in Figure 5.15a, the MnO2 layer experiences a morphological
transformation and thermal contraction under heating conditions, which
turns the loosely hierarchical layer into the smooth and compact shell. In
this process, the MnO2 layer continuously migrates inward, at the same
time, the mutual ionic intermixing takes place at the Fe 2O3/MnO2
interface, supported by the results of TEM and line-scanning EDX.282, 283
Owing to the Kirkendall effect, the rates of individual ionic diffusion are
different at the composite interface, leading to the formation of the hollow
interior during annealing treatment.284 In the Meanwhile, the oxygen
deficiencies are gradually introduced into the MnO2, which can be
confirmed in the XPS data (Figure 5.14). Along with rising annealing
temperature from 300 ℃ to 600 ℃, the increase of Mn:O ratio is clearly
observed, ascribing to the mutual ionic interdiffusion, in which sites of
Mn4+ can be easily occupied by implanted Fe3+ ions, and thus, the charge
neutrality gets lost, originated from the composite stoichiometry.
Therefore, in order to preserve the charge neutrality, oxygen vacancies is
formed.285-287 The formed vacancies further facilitate the inward
movement of MnO2. Finally, the smooth and compact MnO2 shell is
formed through the thermal-driven interdiffusion.288 It is worth to note
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that the ternary oxide of cubic (Fe0.42Mn0.58)2O3 phase is formed at a high
temperature of 600 ℃, which shows a similar phenomenon in the solidstate reaction of the Fe-implanted TiO2 and the core-shell SnO2/TiO2
nanomaterials.289, 290 The detailed reaction process is demonstrated by the
TGA measurement of the FeOOH/MnO2 nanorods in the air with a
heating rate of 10 °C min-1. The weight loss and derivative weight loss of
the sample are plotted in Figure 5.15b as function of the sample
temperature. Figure 5.15b shows a slow weight loss related to the
transformation from FeOOH to Fe2O3 and the decomposition of PVP
between 200 and 400 °C after a rapid loss of physical and chemical
adsorption of ethanol, water and organic species below 200 °C. With
further increasing temperature from 400 to 600 °C, there obviously exists
a moderate reaction leading to around 2% weight loss corresponding to
the ion-intermixing process and the formation of oxygen vacancies, well
consistent with the above discussion.
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Figure 5.14 High resolution Mn2p XPS spectrum for the products annealed at
300 (a), 400 (b), 500 (c) and 600 (d) ℃.

Figure 5.15 Illustration of the formation process for the oxygen-deficient
MnO2 layer (a) and TGA (blue solid) and the corresponding derivative
curve (black solid) curves for the FeOOH/MnO2 core-shell nanorods in
flowing air (b).
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The BET specific surface area and porosity of Fe-Mn-300, Fe-Mn-400,
hollow-structured Fe2O3/MnO2 and Fe-Mn-600 were investigated by
nitrogen adsorption-desorption analysis (Figure 5.16). The BET specific
surface area of the as-obtained products decreases from 131.75 to 17.84
m2 g-1 as annealing temperature increases from 300 to 600 ℃. As
compared in the BJH (Barret-Joyner-Halenda) pore size distribution
calculated from adsorption branches, the morphological evolution from
internal porous to hollow and solid nanostructure is demonstrated. These
results are in a good agreement with the observation of TEM results. The
inner cavity such as porous and hollow structure could increase the
contact area between electrolyte and active materials, leading to a faster
diffusion rate for Li+ ions. Moreover, the reserved internal space could
improve the stability of the nanostructure via alleviating volume variation
during Li+ insertion/extraction.8, 291

Figure 5.16 BET isotherm plots and corresponding BJH pore size
distributions (insets) of the as-obtained products at 300 ℃ (a), 400 ℃ (b),
500 ℃ (c) and 600 ℃ (d).
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Figure 5.17 The first five cyclic voltammogram (CV) curves at a scan
rate of 0.5 mV·s-1 (a) and discharge-charge curves (b) of the hollowstructured Fe2O3/MnO2 nanorods.

The electrochemical properties of the core-shell hollow Fe2O3/MnO2
nanorods, as anode materials for LIBs, were performed by the
measurement of cyclic voltammograms, using a Li foil as the counter and
reference electrode. There are two cathodic peaks at around 1.0 and 0.45
V in the first cycle, in Figure 5.17a, which are assigned to the valence
change of Mn element from 4+ to 2+ and from 2+ to 0, respectively. 292
The peaks at 1.32 V, 1.0 V and 0.45 V are attributed to the Li insertion in
the Fe2O3, the reduction of Fe3+ to Fe2+ and Fe2+ to Fe0 and the formation
of SEI film from the irreversible decomposition of electrolyte,
respectively.293 In the following cycles these intense peaks are moved to
0.25 V and 0.4 V, due to the structure reconstruction triggered by the
formation of Li2O and metals. The anodic scanning shows two broaden
peaks at 1.3 V and 1.75 V, corresponding to the oxidative reactions of Fe 0
to Fe2+ and Mn0 to Mn2+ and Fe2+ to Fe3+ and Mn2+ to Mn4+, respectively.
The CV measurement was also conducted on the Fe-Mn-300, Fe-Mn-400
and Fe-Mn-600. As shown in Figure 5.18, in comparison, the CV curves
of the hollow-structured Fe2O3/MnO2 electrodes almost completely
overlap from the second cycle onwards, revealing a much better chemical
reversibility, indicating that the presence of oxygen vacancies could
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Through inducing oxygen vacancies, not only could the electronic
conductivity of MnO2 be enhanced, but the Li-ions diffusion process
would also be accelerated.294, 295

Figure 5.18 The first five cyclic voltammogram (CV) curves of the FeMn-300 (a), Fe-Mn-400 (b) and Fe-Mn-600 (c) anodes
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Figure 5.19 Cycling performance of the electrodes made of the hollowstructured Fe2O3/MnO2 (a) and Fe-Mn-600 nanorods (b) at a current of
0.2 C.

The electrochemical performance of the core-shell hollow Fe2O3/MnO2
nanorods was further evaluated by the galvanostatic discharge-charge
measurement. Figure 5.17b shows the 1st, 10th and 30th discharge-charge
profiles of the Fe2O3/MnO2 electrode performed under the current density
of 0.2C (200 mA g-1) in the voltage window ranging from 0.01 V to 3.0 V.
In the first cycle, there are four plateaus, located at around 1.9 V, 1.5 V,
1.2 V and 0.7 V in the discharging process, which are associated with the
cathodic peaks of the CV measurement. The initial discharge and charge
capacities aremeasured to be 1658 and 1187 mAh g -1, respectively. The
formation of solid electrolyte interphase (SEI) and the incomplete
restoration of metallic Fe and Mn into the original oxide is responsible for
the irreversible capacity loss of the first cycle (27.48%). After 10 and 30
cycles, the respective discharge capacities are 1194 and 1252 mAh g -1,
which is greater compared to the theoretical capacity. The extra capacity
is resulted from the pseudo-capacitive interfacial adsorption, the
reversible reactions related to LiOH formation and the reversible
formation of the polymeric/gel-like films on the active materials from the
kinetical decomposition of the electrolyte.296-299
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Figure 5.20 Cycling performance of the Fe-Mn-300 (a) and Fe-Mn-400 (b)
electrodes at a current of 0.2C.

Figure 5.21 Cycling performance of the electrodes made of the hollowstructured Fe2O3/MnO2 (a) and Fe-Mn-600 (b) nanorods at a current of 1
C.

Figure 5.19 shows the hollow-structured Fe2O3/MnO2 and Fe-Mn-600
electrodes‘ cycling performance as anodes for LIBs at 0.2 C rate. Both
electrodes of the Fe2O3/MnO2 and Fe-Mn-600 show exceptional
cyclability and provide high initial charge capacities of 1187 and 1042
mAh g-1, respectively. In the subsequent cycles, their capacities undergo a
slow continuous increase. After 50 cycles, the reversible capacities are
increased to as high as 1310 and 1096 mAh g -1. For the electrodes of the
as-obtained porous nanorods at 300 and 400 ℃ (Fe-Mn-300 and Fe-Mn400, Figure 5.20a and b, respectively), a continuous performance drop is
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clearly observed and their discharge capacities are as low as 200 and 236
mAh g-1, respectively, at the 50th cycle. To evaluate the electrochemical
properties of the samples at a high rate, the cycling measurement was also
conducted at 1 C (Figure 5.21). In the duration of 500 cycles, it is
interesting to find that the capacities of the electrodes of the as-prepared
products at 500 and 600 ℃ (hollow-structured Fe2O3/MnO2 and Fe-Mn600) suffer a rapid decline initially, followed by an increase at a slow rate
until the maximum. With the additional cycle number, their capacities
drop slightly and then continue to increase. According to previous studies,
the abnormal capacity trend can be ascribed to the following two parts.
On one hand, the in-situ formation of highly reactive pristine metallic
nanograins during electrochemical conversion reaction promotes the
growth of a conducting-type polymeric film, leading to an enhanced
specific capacity.82 On the other hand, the high-rate lithiation induces a
refinement of active materials into a mesoporous structure, resulting in a
reactivation and enlarged active area.300 As cycling continues, the
conductive polymeric and stable SEI film would be gradually formed on
the

freshly

exposed

electrochemical

surface

performance.301
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After
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capacities are still remained to be 1167 and 888 mAh g-1 for the hollowstructured Fe2O3/MnO2 and Fe-Mn-600 electrodes, respectively.
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Figure 5.22 Cycling performance of the Fe2O3/MnO2 (a) and Fe-Mn-600
nanorods (b) at various current densities and cycling performance (c) of
the hollow-structured Fe2O3/MnO2 nanorods at a current of 5 C.

The rate capabilities of the hollow-structured Fe2O3/MnO2 and Fe-Mn600 electrodes were evaluated by the multiple-step galvanostatic chargedischarge measurement. The hollow-structured Fe2O3/MnO2 anode
presents the reversible capacities of around 1200, 1000, 750, 600, 470,
320 mAh g-1 at current rates of 0.2, 0.5, 1, 2, 5 and 10 C, respectively, as
shown in Figure 5.22a. It is noted that the electrode still shows a much
higher value than 300 mAh g-1 in the event of the lowest capacity of the
high rate (10 C). As the current density is set back to 0.1 C, the reversible
capacity is restored and goes up to 1250 mAh g -1, indicating the excellent
structural stability of the Fe2O3/MnO2 composite. In comparison, the FeMn-600 anode shows a slightly worse rate capability (Figure 5.22b). The
measured specific capacities are 1050, 830, 575, 320, 120, 50 mAh g -1,
respectively, at the above six rates.
102

Investigation on Fe2O3/MnO2 Composites

Chapter 5

The long-term high rate performance of the hollow-structured Fe2O3/MnO2
nanorods is shown in Figure 5.22c. The final reversible capacity at 5 C is
measured to be as high as 706 mAh g-1, after 2000 cycles. Like the phenomenon
happened at 1 C, the capacity drops down to around 400 mAh g-1 in the
beginning and then slowly climbs up to more than 700 mAh g-1. The increasing
capacity is attributed to the reversible formation of polymer-like film during
cycling.217, 299 As summerized in Table 5.1, the superior long-term high rate
performance of the hollow-structured oxygen-vacancy-rich Fe2O3/MnO2 is
demonstrated in comparison to the previous reported. For instance, the
electrode of MnO2/3D-ordered hollow carbon sphere only displays a reversible
capacity of 420 mAh g-1 after 500 cycles.302 With regards to ordered
mesoporous carbon nanowire/Fe2O3 anode, the reversible capacity can be
improved to 774 mAh g-1 after 1200 cycles, however the current density has to
be reduced to 500 mA g-1.303 As compared with branched Fe2O3/ MnO2
nanorods304, the remained capacity of the as-prepared oxygen-vacancy-rich
Fe2O3/MnO2 electrode exhibits a much higher value, even after 500 cycles,
under the same current density. The superior electrochemical performance is
attributed to the intentionally designed nanostructure. Firstly, the interior cavity
could increase the stability of the material’s structure and decrease the diffusion
length for Li ions.305 Secondly, the core-shell structure brings out synergistic
effect between hollow Fe2O3 core (less volume change and structural
destruction) and MnO2 shell (high theoretical capacity and preservation of
structural integrity upon the consecutive Li ion insertion/extraction cycling).306,
307

Above all, the formation of oxygen vacancies in MnO2 shell gives rise to a

recognized boost to their intrinsic conductivity, providing a fast electronic and
ion transport pathway for electrochemical reaction.308, 309
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Table 5.1 Cycling performances of some reported hybrid nanomaterials
Current
Hybrid Nanomaterials

Cycle

Capacity (mAh

Number

g-1)

400

250

612

292

5000

1000

418

310

500

1200

774

303

200

200

516

311

1000

500

420

302

1000

300

927

312

1000

200

1028

304

5000

2000

700

1000

500

1167

Density
(mA g-1)

Graphene-Wrapped MnO2–Graphene
Nanoribbons
α-Fe2O3 Hollow NanobarrelsReduced Graphene Oxide
Ordered Mesoporous Carbon
Nanowire/Fe2O3
Hierarchical Hollow TiO2@Fe2O3
MnO2/3D-Ordered Hollow Carbon
Sphere
Hollow Core–Shell MnO2/C Hybrid
Spheres
Porous Branched Fe2O3/ MnO2
Nanorods
Hollow-structured Oxygen-VacancyRich Fe2O3/MnO2
Hollow-Structured OxygenVacancy-Rich Fe2O3/MnO2

Ref.

Our
work
Our
work

The effect of oxygen vacancies in terms of conductivity is verified by the
measurment of EIS. Figure 5.23a shows the EIS data of the fresh
electrodes. In Figure 5.23a, the Nyquist spectrum is comprising of a
depressed semicircle at high frequency corresponding to the charge
transfer process and a straignt line in the low frequency region ascribed to
the Li ions diffusion.206 As compared, the smallest diameter of the
semicircle and the most vetical straignt line can be observed in the
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hollow-structured Fe2O3/MnO2 composite, showing its high electronic
and ionic conductivity, which is attributed to their internal hollow
structure and introduced oxygen vacancies. After 2000 cycles, the cells of
the hollow-structured Fe2O3/MnO2 composite were charged to 3V and
disassembled to perform the morphological obeservation via TEM. As
seen in Figure 5.23b, the Fe2O3/MnO2 composite could still maintain the
hollow rod-like nanostructure assembled by nanoclusters, after a longterm cycling, indicating its excellent structural stability. Meanwhile, the
retained Mn and Fe elements can be confirmed by the elemental
distribution profile (Figure 5.23c). For convinient comparison, all the
information of the as-prepared samples‘ morpholoy and performance is
concluded in Table 5.2.

Figure 5.23 Nyquist plosts (a) of the uncycled cells for the products fabricated
at 300 ℃, 400 ℃, 500 ℃ and 600 ℃, respectively; TEM image (b) and
elemental mapping (c) of the hollow-structured Fe2O3/MnO2 nanorods after
2000 cycles at 5 C.
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Table 5.2 Pysical and electrochemical properties of the as-prepared samples

Samples

Morphology

composite

Surface area
(m2 g-1)

Fe-Mn-400

structured
Fe2O3/MnO2

Fe-Mn-600

5.3

Density

n cycles
(mAh g-1)

200

200/50

shell

1000

138/300

Hierarchical

200

237/50

1000

472/300

200

1310/50

1000

1520/500

200

1096/50

1000

989/500

porous core-

porous core-

α-Fe2O3/α-MnO2

α-Fe2O3/α-MnO2

Hollow coreshell

Trilayer coreshell

α-Fe2O3/α-MnO2

109.39

34.56

αFe2O3/(Fe0.42Mn0.5

-1

131.75

shell
Hollow-

Capacity at

(mA g )

Hierarchical
Fe-Mn-300

Current

17.84

8)2O3 /α-MnO2

Conclusion

In summary, we have proposed a facile strategy to construct the hollowstructured oxygen-vacancy-rich Fe2O3/MnO2 nanorods. The method
combines the PVP assisted MnO2 coating and the subsequent thermal
treatment in the air. Under heating condition, the nanoscale ion
intermxing, attributed to the inward flow of the MnO2, raises the
formation of oxygen vacancies. It is demonstrated that the hollowstructured Fe2O3/MnO2 composite displays superior performance as
anode materials for LIBs, ascribed to the unique core-shell hollow
nanostructure and the presence of oxygen vacancies.
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Chapter 6
Investigation on Phase Transition of Hollow-porous αFe2O3 Anodes
In this chapter, the hollow-porous α-Fe2O3 microspheres are
prepared via cation etching of zinc citrate microspheres and
subsequent thermal treatment. The superior performance of the asobtained α-Fe2O3 microspheres is evaluated as anode materials for
lithium ion batteries. After 1000 cycles, the capacity still remains
more than 1100 mAhg-1 at current rate of 1 Ag-1. Meanwhile, the
crystal size induced phase transition of Fe2O3 microspheres (α → γ

→ β) is observed during cycling by the measurements of ex-situ
XRD and TEM, which is responsible for their abnormal
performance fluctuation.
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Introduction

Currently, numerous efforts have been devoted to the investigation of iron
oxide (Fe2O3) based nanomaterials due to their promising application as
anode materials for lithium ion batteries (LIBs).313-315 Compared with
other anode materials, Fe2O3 exhibits much better compatibility and
applicability, such as low cost, high theoretical capacity (1005 mAhg -1)
and environmental friendliness.164 However, The Fe2O3 electrodes in
LIBs generally are subject to the electrochemical process of conversion
reactions (i.e. the reduction and oxidation between lithium and iron oxide
(with 6 Li+ per Fe2O3 molar)), which causes extremely large volume
expansion and electrode destruction during cycling. 316,

317

In order to

address a series of triggered problems such as the loss of electrical
contacts and active materials pulverization, the best strategy is to design
and synthesize Fe2O3 based anode materials with porous and hollow
nanostructures. In the light of some related studies, the perfection of the
porous and hollow nanostructures could bring some obvious merits to the
performance improvement of the Fe2O3 electrode. First, the interval of
Fe2O3 primary particles acts as buffer layer for the volume change during
cycling.318 Second, the intrinsic porosity increases the specific active area
for the lithiation/delithiation reaction.319, 320 Moreover, the channels built
by the unique porous and hollow structures could offer a high rate of Li +
ions diffusion process.321,

322

Based on these considerations above,

recently, a large quantity of porous and hollow Fe2O3 nanomaterials with
superior performance have been successfully prepared.
In spite of the high performance of Fe2O3 anode materials achieved by
various techniques, the detailed electrochemical reaction process during
cycling still needs to be investigated. The electrochemical reaction
process has been widely accepted following the equation of Fe2O3 + 6 Li+
2 Fe + 6 Li2O.323-325 However, it is well known that the anode
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materials usually undergo abnormal performance fluctuation, in which the
initial capacities progressively decrease and then ramp up during cycling.
The phenomenon is normally attributed to the formation of solid
electrolyte interface (SEI) film and the reversible formation of the
polymer-like film on the active materials’ surface.326-328 In fact, the
detailed mechanism on the performance fluctuation still remains unclear.
The investigation on the phenomenon will bring a further perspective on
their performance fading and nanostructure designation.
In the present work, we synthesized the hollow-porous α-Fe2O3
microspheres by a facile strategy. The method involves cation etching of
zinc citrate microspheres template and annealing treatment. The asobtained Fe2O3 electrode provides the capacity of more than 1100 mAhg-1
at current rate of 1 Ag-1 after 1000 cycles in the electrochemical test. The
phase transition process of Fe2O3 nanoparticles initiated by the crystal
size reduction, during high rate and long-term cycling, has been
demonstrated to contribute this excellent performance revealed using exsitu high-resolution TEM (transmission electron microscope) technique
along with XRD (X-ray diffraction).

6.2

Results and discussion

Figure 6.1 SEM images of the zinc citrate microspheres template.
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Figure 6.2 SEM image of the precursor (a) and SEM images (b, c) and
XRD pattern (d) of the as-obtained α-Fe2O3 microspheres.
The chemical reaction of Fe2+ ions with zinc citrate templates (Figure 6.1)
was employed to prepare the precursor of the hollow-porous α-Fe2O3
microspheres. In this process, the color of the suspension changes from
green to red, indicating the formation of ferrous hydroxide and the
subsequent conversion to ferric hydroxide. As shown in Figure 6.2a, the
precursor appears the hollow microsphere structure with an average
diameter of 1 µm. In addition, its amorphous phase structure is revealed
from the XRD pattern (as shown in Figure 6.3). The formation
mechanism of the hollow structure could be described as following: when
zinc citrate templates are immersed in an aqueous solution of ferrous
sulfate, the hydrolysis reaction of Fe2+ is spontaneously carried on around
the surface of the zinc citrate with generation of ferrous hydroxide.
Simultaneously, the hollow structures are built while zinc citrate
templates are being etched by H+. As the reaction goes on,
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ferrous hydroxide progressively turns to be ferric hydroxide due to the
oxidation reaction of air. The detailed reaction process is summarized as:
Fe2+ + 2H2 O ↔ Fe(OH)2 + 2H +

(1)

and
4Fe(OH)2 + O2 + 2H2 O ↔ 4Fe(OH)3

(2)

After annealing in the air, the porous and hollow α-Fe2O3 microspheres
(as shown in Figure 6.2b and c) were obtained. Such hollow microsphere
structure of the as-obtained α-Fe2O3 nanoparticles is apparently derived
from the precursor. In addition, the porous surface of the obtained
nanoparticles is clearly observed from their high-resolution SEM
(scanning electron microscope) image (Figure 6.2c). Figure 6.2d shows
the X-ray diffraction (XRD) pattern collected from the α-Fe2O3
microspheres. All diffraction peaks are indexed (ICSD 40142) and
generated from the α-Fe2O3 particles demonstrating their high purity of αFe2O3 phase as attributed to the complete chemical etching reactions.

Figure 6.3 XRD pattern of the precursor.
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Figure 6.4 TEM (a, b) and HRTEM (c, d) images of the as-synthesized α-Fe2O3
microspheres.
To reveal the interior crystalline structure, the α-Fe2O3 microspheres,
TEM was employed. Figure 6.4a is a bright field TEM image, which
clearly approves the hollow and porous nanostructure of the α-Fe2O3
microspheres in good agreement with the SEM images (Figure 6.2b and
c). The nanocrystalline structure of microspheres is identified from the
selected area electron diffraction (SAED) pattern (inset of Figure 6.4a),
which consists of as indicated from multiple discrete rings. In Figure 6.4b,
it can be observed that the porous structure is formed by the randomly
piling up of nanocrystals with average size of 30 nm. Furthermore, the
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high-resolution TEM (HRTEM) images, Figure 6.4c and d (magnified
from the square part in Figure 6.4c), show a single nanocrystal of α-Fe2O3
which can be verified by the fast fourier transform (FFT) pattern (inset of
Figure 6.4d), in accordance with the XRD result (Figure 6.2d). As shown
in Figure 6.4d, the fringes are shown to be separated by 0.29 nm,
corresponding to the spacing between (210) planes of α-Fe2O3
nanocrystals.

Figure 6.5 BET isotherm plots and corresponding BJH pore size distributions
(insets) of the α-Fe2O3 microspheres

Brunauer-Emmett-Teller gas-sorption measurement was conducted to
study the porous nature and specific areas of the as-synthesized α-Fe2O3
microspheres. The typical type Ⅳ nitrogen adsorption-desorption
isotherms and the inset of resultant pore size distribution profile are
shown in Figure 6.5. The observed sharp capillary condensation step from
high pressure (p/p0＞0.8) and the H1 type hysteresis loop showing the
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both existence of the macro- and mesopores. The BET surface area of the
α-Fe2O3 microspheres is calculated to be around 22.2 m2 g-1. On the word
of the analysis of Barrett-Joyner-Halenda (BJH), the obvious property of
the multimodal porosity is indicated. The relatively narrow distribution
located centured at 10 nm is believed to be contributed by the presence of
the mesoporous shell. Whereas, the wide distribution of large pores (45
nm-80 nm) is assumed to be associated with the interspace among the
integrated α-Fe2O3 particles. The result above can also be confirmed by
the image of SEM and TEM.
The electrochemical property of the as-obtained α-Fe2O3 microsphere was
evaluated by the measurements of cyclic voltammetry (CV) and
galvanostatic discharge-charge using the assembled CR2016 coin cells.
As shown in Figure 6.6a, the detailed electrochemical reaction process
can be thoroughly demonstrated in the profile of the corresponding CV
test conducted at a rate of 0.5 mV s-1.329-332 In the cathodic process of the
first cycle, a strong and three weak peaks are viewed and they are located
at 0.62 V, 1.60 V, 1.33V and 0.95 V, respectively. The strong peak is
attributed to the lithiation reaction of Fe2O3 and the irreversible
decomposition of electrolyte. The other three small peaks are sequentially
associated with the further lithium intercalation, the reduction process of
Fe3+ to Fe2+ and the complete reduction reaction of Fe2+ to Fe0. However,
in the subsequent cycle, the cathodic peak appears much broader and is
shifted to 0.75 V, indicating the occurrence of the irreversible phase
transformation and electrolyte decomposition. In the anodic part, an
extensive anodic peak is observed and located at 1.7 V, related to the
delithiation and the oxidation reaction of Fe 0 to Fe3+. With more cycles,
the anodic peak position and intensity are almost kept unchangeable,
demonstrating the high reversibility of the oxidation reaction. Based on
previous investigations, the electrochemical reaction mechanism is
described as the following equation323-325:
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Fe2 O3 + 6Li+ + 6e− ↔ 2Fe0 + 3Li2 O

(1)

Figure 6.6 First five cyclic voltammogram (CV) curves (at a scan rate of 0.5
mV·s-1) (a) and discharge and charge curves (b) of the as-prepared the asobtained α-Fe2O3 microspheres.

Figure 6.7 Cycling performance at a current of 0.2 C (a), rate capability (b) and
high rate cycling performance at a current of 1 C (c) of the as-prepared α-Fe2O3
microspheres.

115

Investigation on Phase Transition

Chapter 6

The profile of galvanostatic discharge-charge was performed to measure
the electrochemical properties of the hollow-porous α-Fe2O3 microspheres.
The Figure 6.6b shows the discharge-charge profiles of the as-obtained αFe2O3 anode electrode of the first 3 cycles at the rate of 0.2 C (200 mA g1

). At the first cathodic process, there exists plateaus at potentials of 1.47

V, 1.08 V and 0.88 V, respectively, followed by a continuous dropping of
potential, corresponding to the reduction of metal oxides and electrolyte
decomposition. In the following cycles, only a wide slope between 0.8 1.5 V is shown in the discharge curves. The drastic change demonstrates
the occurrence of the irreversible reduction reaction and electrolyte
decomposition in the first cycle.316,

333

In the charge process, a steady

wide slope is located between 1.2 V and 2.5 V which is attributed by the
reversible oxidation reaction of the active material. The test results above
are in well agreement with Figure 6.6a.334, 335 The repective capacities of
the initial discharge and charge are measured to be 1477.22 mAh g -1 and
1125.33 mAh g-1. The loss of the irreversible capacity (351.89 mAh g -1)
in the first cycle is likely attributed to the formation of SEI film and the
reduction of oxide to metallic Fe with Li2O matrix.336 The perfection of
the as-synthesized α-Fe2O3 electrode’s cyclability at a low rate (0.2 C) is
shown in Figure 6.7a. In the range of the whole 50 cycles, the coulombic
efficiency is kept stable above 98% except the initial one (76.18%).
Meanwhile, the capacities remain a steady value of around 1150 mAh g -1,
which highly exceeds the theoretical capacity of the α-Fe2O3 (1005 mAh
g-1)164. In the light of previous studies217,

299, 337

, the extra capacity is

usually contributed to two parts. Firstly, the polymeric/ gel-like films
could be reversibly formed/dissolved over the surface of active materials
by the break-down of electrolyte. Secondly, the electrocatalysing cathodic
reaction of C4+ from carbonate salt to other C species with low valences
could be triggered by the fresh metal nanocrystals surface formed during
the lithiation reaction. The great cycling performance is mainly
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contributed by the merits of the unique structure. On the one hand, the
intervals of the numerous nanocrystals consisting of the porous shell and
the interior cavity of the microsphere offer the short diffusion length of
the Li+ ions and provide the reserved space for the volume change during
lithiation-delithiation reaction. On the other hand, the hollow and porous
structure significantly enhances the specific surface area of the active
materials and consequently improves the reversible reaction.
The excellent rate capability of the α-Fe2O3 electrode was further assessed
by the multiple-step galvanostatic charge-discharge test. In Figure 6.7b,
the reversible capacities are measured to be around 1200, 1150, 1000, 820,
650 and 450 mAh g-1 at six rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C and 5 C,
respectively. The reversible capacity is still above 372 mAh g-1, even
when the rate is high up 5 C. However, the reversible capacity
immediately increases to 897 mAh g-1 and then reaches more than 1100
mAh g-1 after the rate is downs back to 0.1 C. Furthermore, the high rate
capability under the current density of 1 C is demonstrated in Figure 6.7c.
After 1000 cycles, the retention of the reversible capacity is measured to
be 1150 mAh g-1. It is worth to note that the capacity rapidly goes down
at the beginning to around 550 mAh g-1 within 110 cycles and then slowly
rises up to more than 1000 mAh g-1 subject to more cycles This unusual
phenomenon has been widely observed in different kinds of transition
metal oxide based anode materials for LIBs. Based on related
investigations, the reversible reaction of the polymeric/gel-like films
formation is responsible for this capacity variation, which continuously
conducts in the active materials’ porous structure as the electrochemical
reaction undergoes.217,

299

However, the detailed explanation for the

electrochemical reaction process is needed to be further provided.
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Figure 6.8 XRD patterns of the electrodes after (a) 110 cycles (sample 110) and
(b) 500 cycles (sample 500).

In order to reveal the structural change of the Fe 2O3 microspheres under
high rate current density, ex-situ XRD measurement was performed to the
electrodes obtained after 110 (labeled as sample 110) and 500 (labeled as
sample 500) cycles at 1 C. As illustrated in Figure 6.8, both samples
display weak peaks from 10° to 45°, reflected from the nanosized
constituents of the active materials but strong peaks at 43.0°,50.0° and
73.9°, generated from the metallic copper substrate indicating the
occurrence of the structure destruction during cycling. By zooming in the
patterns from 10°to 45°, the weak peaks of sample 110 at 23.9°, 26.3°
and 30.4°, diffracted from (106), (116), (206) lattice planes, are clearly
visible which is indexed to be γ-Fe2O3 (ICSD 172906) with lattice
parameters of a = 8.33 Å and c = 25.11 Å.

Likewise, β- Fe2O3 (ICSD

36281) with lattice parameters of a= 5.56 Å and c=22.55 Å is identified
from the three peaks at 20.0°, 32.3°and 35.5°diffracted from the (0 1 2),
(1 1 -1), (1 1 -4) lattice planes. Based on the analysis above, it is believed
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that the crystal structure of the Fe2O3 microspheres undergoes the
transformation in the order of α-Fe2O3 → γ-Fe2O3

→ β-Fe2O3 with the

increase of the cycling times, as indicated in Figure 6.7c.

Figure 6.9 TEM (a), HRTEM (b and c) and the FFT inverse (d) images of the
110 sample.
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Figure 6.10 TEM (a), HRTEM (b and c) and the FFT inverse (d) images of the
500 sample.

The morphological and crystalline structural changes of microspheres
subject to charge-discharge cycles were revealed using ex-situ TEM. One
of microsphere from sample 110 shown in Figure 6.9a is seen to be
covered by a thick SEI layer. The micro spherical particle appears
amorphous-like structure but is embedded with some nanoparticles
(Figure 6.9b). These nanoparticles are tiny with the size of ~ 7-8 nm but
crystalline (Figure 6.9c and d). With the increase of cycling up to 500
times, the SEI film that covers the surface of the integrated microsphere
becomes much thicker as seen from Figure 6.10a.
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average size of the nanocrystals embedded in the microsphere (Figure
6.10a) is reduced to 3 - 4 nm. It is worth to note that the respective
HRTEM images of Figure 6.9c and Figure 6.10c are taken from Figure
6.9b and Figure 6.10b in the squared areas as marked. Figure 6.9d and
Figure 6.10d are their corresponding atomic images after performing
inverse FFT process. As indicated from Figure 6.9c, the spacing of the
lattice fringes is measured to be 0.32 nm, which can be indexed as planes
1 3 1 of γ-Fe2O3 along the zone axis of <1 1 4>. Meanwhile, the
HRTEM image of sample 500 (Figure 6.10c) shows a clear crystal lattice
of β-Fe2O3 imaged along the <1 0 1> zone axis, based on the indexing of
the inset FFT pattern.

Figure 6.11 Nyquist plots of the as-obtained α-Fe2O3 microspheres before
cycling and after 110 and 500 cycles.
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Using ex-situ TEM, the phase transition among the three Fe 2O3 phases (α
→ γ → β) during high rate cycling as anode for lithium ion batteries was
observed in the present study, which has been hardly reported elsewhere.
This abnormal phase transition phenomenon is believed to be ascribed to
the structural disorder with the decrease of the particle size 338.
Considering the effect of surface (or interface) energy contribution to the
free energy for nanoparticles, smaller particle size causes the lattice
modification339, which is consistent with an earlier interpretation that
describes the size-induced lattice deformations using the protohematitehydrohematite-Stoichiometric Hematite (SH) two-dimensional map340.
Therefore, the phase transition (α → γ → β) occurs at the structural
disorder site under the driving force (electrochemical cycling).
In the present paper, the effect of Fe2O3 microspheres phase transition on
their electrochemical performance as anode materials in lithium ion
batteries was also revealed using electrochemical impedance spectroscopy
(EIS). Figure 6.11 represents the Nyquist plot of the as-obtained Fe2O3
microspheres electrode along with different cycles. The EIS figures of all
the electrodes are made up of one depressed semicircle located at the high
and intermediate frequency, comprising of two semicircles, and a straight
line, corresponding to the diffusion resistance. The semicircles in the high
and intermediate frequency can be assigned to the migration of the
lithium ion through the interfacial film and the charge transfer reaction on
the electrode/electrolyte interface. It is evident that the charge transfers
and ion diffusion resistance of the electrode increase after 110 cycles,
which is verified by the diameter changes of the second semicircle and the
decreasing line slope. The increasing resistance is likely attributed to the
thickening SEI film during cycling which increases the lithium ions
diffusion and electron exchange speed. However, when the 500th cycle is
achieved on the electrode, it is interestingly seen that the charge transfer
resistance drops to an even smaller number than the one of fresh
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electrodes and the diffusion resistance gets slightly recovered from the
value at 110th cycle, even though, the SEI film of electrode after 500
cycles turns to be thicker, compared with the one after 110 cycles (Figure
6.10a).

Figure 6.12 Crystal structures of (a) α-Fe2O3, (b) γ-Fe2O3, (c) β-Fe2O3 and their
corresponding observation of the first crystal layer.

It has been well known that the intrinsic crystal structure shows the great
effect on their lithium intercalation performance. The elemental interlayer,
tunnels and holes in crystal structures can accommodate a large amount of
lithium intercalation341. According to Stokes–Einstein principle, the
stokes radius of lithium ions (rLi,

eff

+

) in organic electrolyte (EC, DEC or

DMC) is calculated to be around 3.44 ~ 3.63 Å which is required to
stabilize the crystal tunnels342-344. The crystal structures of α, γ and β
phases Fe2O3 are shown in Figure 6.12. For the hematite structure (Figure
6.12a), each α-Fe2O3 crystal consists of basic FeO6 octahedral units,
which seems to be a rhombohedral centered hexagonal structure of the
corundum type with a closed-packed lattice. Although there are no
obvious interlayer spacing and tunnels through the whole structure, there
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exist hexagonal holes (4.01 Å in diameter) on the crystal surface, which
are suitable for cation accommodation. Figure 6.12b represents the crystal
structure of γ-Fe2O3, which indicates the typical structure of spinel type.
In the unit cell, the eight tetrahedral sites are occupied by Fe 3+ cations.
Meanwhile, 13/3 Fe3+ cations occupy the 16 octahedral sites. Similar to αFe2O3, the crystal holes of γ-Fe2O3 only exist in the surface lattice layer
where edge-sharing tetrahedral units (2.98 Å) and octahedral units (3.17
Å) are linked to form trapezoid and triangle holes. Due to their narrow
hole size, the progress of cation intercalation is conducted in γ-Fe2O3
worse than in α-Fe2O3. The present of steric hindrance will increase the
resistance of the electrochemical reaction as confirmed by EIS tests
(Figure 6.11). With regard to β-Fe2O3 (Figure 6.12c), the hexagonal
crystal structure has pace group P3 (143 lattice structure with the
parameters of a=5.56 Å and c=22.55 Å, which is comprised of distorted
octahedral and tetrahedral units. In this structure, one-dimensional tunnel
structures (3.2 × 7.5 Å) is viewed along the [1 0 0] direction which allows
the rapid migration of lithium ions and consequently increases the specific
contact area between eletrolyte and active materials, giving rise to the
higher performance after 500 cycles. As a result, we can emphasize that
the crystal size induced Fe2O3 electrode phase transition (α → γ → β)
brings about its performance fluctuation during high rate cycling. The
hole, interlayer and tunnel’s variation of the crystal structure allows the
penetration of more lithium ions for intercalation process in the
electrochemical reaction.

6.3 Conclusions
In summary, we have rationally designed and fabricated hollow-porous αFe2O3 microspheres by a facile cation etching approach. Owing to merits
from their intrinsic nanostructure, the α-Fe2O3 microspheres exhibit
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excellent electrochemical performance (1100 mAh g-1 at 1 C) as anode
materials for lithium ion batteries. Importantly, the occurrence of Fe 2O3
phase transition process (α → γ → β) along with the abnormal
performance fluctuation during high rate cycling is observed using ex-situ
TEM and XRD. The transformation process is believed to be activated by
crystal size reduction followed by the generation of β phase, which not
only increases the electrode’s ion conductivity but also decreases the
lithium ions diffusion path. This finding provides an effective approach to
explain the activation process of transition metal oxides based anode
materials. It may also be extended to open up new opportunities to
construct novel anode materials with high performance.
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Conclusions and Future Work
In the research project, high performance carbon and MnO2 based
iron oxide hybrids are fabricated. Moreover, the phase transition of
α-Fe2O3 electrode is discovered and explained. These studies’
conclusions will make a huge scientific and technological
contributions. In addition, the recommended future work is also
discussed and planed.
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Conclusions

In this thesis, systematic and in-depth investigation and studies on the
controllable fabrication of various nanostructured iron oxide-based hybrids and
their electrochemical behavior as anode for lithium ion batteries during cycling
have been obtained. According to our research conclusions, the electrochemical
performance of iron oxide-based hybrids anodes could be largely effected by
their composites and morphology. Meanwhile, the precise control of the hybrids’
morphology modification and effective improvement of the negative electrode
performance have been achieved. Furthermore, the detailed crystal structure
evolution of the as-prepared iron oxide electrode during electrochemical
reaction was also completely revealed.
Iron oxides have attracted much attention as prospective anodes for LIBs, for
their high theoretical capacity, low cost and environmental benignity. In order to
improve iron oxides’ cycling performance as anodes, various nanostructure
such as porous, hollow and nanorods have been synthesized via different
chemical and physical methods. By introducing suitable active or inactive
secondary composite, large capacities and excellent cycling performance can be
realized in the constructed nanostructured hybrids. The hierarchical threedimensional Fe3O4@porous carbon matrix (Fe3O4@PCM) are synthesized by a
facile annealing of MIL-53(Fe) templates. Benefiting from the active carbon
matrix, the as-prepared hybrids anodes exhibit an initial capacity of 837 mAh g1

and after 100 cycles, the cycling capacity of Fe3O4@PCM gradually drops to

600 mAh g-1 (0.2 C). To further increase the nanostructured hybrids’ cycling
retention rate, the introduction of graphene oxide was conducted during the
preparation of the MIL-53(Fe) templates. After calcination in the nitrogen, the
heterostructured Fe3O4@PCM/graphene anodes was successfully synthesized.
In comparison with the Fe3O4@PCM anode, the Fe3O4@PCM/graphene
electrode performed an enhanced electrochemical performance, whose capacity
was as high as 1077 mAh g-1 after 100 cycles assigning to the intentionally
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designed three-dimensional hierarchical nanostructure and the synergic effect
between different components. Under a high rate condition (1 C), the retention
capacity of the as-prepared Fe3O4@PCM/graphene anode is up to more than
1000 mAh g-1, after 500 cycles.
Despite the multiple advantages from the combination of iron oxides and
carbon based secondary composites, for instance, the improvement of electric
conductivity, mechanical strain buffering and structural integrity preservation,
the carbon species’ low theoretical capacity (372 mAh g-1) leads to the
limitation of the nanostructured hybrids’ capacity improvement. Therefore, the
alternative active secondary composites with high theoretical capacities are
required to replace the carbon species. Herein, we demonstrate a facile method
to prepare hollow-structured oxygen-vacancy-rich Fe2O3/MnO2 nanorods, due
to the high intrinsic capacity (1232 mAh g-1) of MnO2. The method proposes
the combination of MnO2 coating on PVP decorated FeOOH nanorods and the
subsequent annealing process. Through the ex-situ characterization, the oxygen
vacancies are confirmed to be in-situ induced by nanoscale ion intermixing
between Fe and Mn ions, during annealing process. The introduction of oxygen
vacancies into MnO2 could effectively boost the intrinsic conductivity of MnO2.
As compared to the Fe3O4@PCM/graphene anode, the hollow-structured
Fe2O3/MnO2 electrodes exhibit a higher reversible capacity and improved
cycling performance (1167 mAh g-1, 500 cycles, 1 C). At an even higher rate of
5 C, the final reversible capacity still can be measured to be as high as 706 mAh
g-1, after a long-term cycle (2000 times). The superior electrochemical
performance is attributed to the unique nanostructure of the as-synthesized
Fe2O3/MnO2 hybrids. First of all, the internal hollow nanostructure could
stabilize the structural integrity and facilitate the diffusion movement of Li ions.
Secondly, the different composites of the nanostructured hybrids bring out
synergistic effect between hollow Fe2O3 core (less volume change and
structural destruction) and MnO2 shell (high theoretical capacity). Most of all,
the intrinsic electronic conductivity of the Fe2O3/MnO2 electrode can be
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enhanced by the formation of oxygen vacancies, giving rise to an enhanced rate
capability. Moreover, the morphology modification of the Fe2O3/MnO2
nanorods can be realized, via changing the annealing temperature. As the
temperature changes from 300 ℃ to 600 ℃, the internal core evolves from
porous to hollow and solid nanostructure, meanwhile, the external layer
converts from hierarchical to totally smooth nanostructure. The transition
process is originated from the inward flow of MnO2 layer, under heating
treatment.
The abnormal performance fluctuation was observed in the as-prepared iron
oxide-based hybrids such as Fe3O4@PCM/graphene and hollow-structured
Fe2O3/MnO2, under the current density of 1 C. The similar phenomenon has
also been widely discovered in the performance investigation of other transition
metal oxide-based electrodes for LIBs. To further understand the detailed
mechanism of the abnormal phenomenon, the comprehensive ex-situ
characterization technique was performed on the cycled hollow-porous α-Fe2O3
electrode in this thesis. At 1 C, the capacity of the as-prepared α-Fe2O3 anode
rapidly falls to around 550 mAh g-1 within the initial 110 cycles and then slowly
rises up to more than 1000 mAh g-1. During the high rate cycling, the
occurrence of Fe2O3 phase transition process (α → γ → β) is revealed using exsitu TEM and XRD. The transformation process is believed to be activated by
crystal size reduction followed by the generation of β phase, leading to an
increased ionic conductivity and the reduction of diffusion path. The result
clearly certifies the activation process of transition metal oxides based anode
materials. It would also expand our knowledge to construct some other novel
anode materials with high performance.

7.2

Novel Contributions

According to the conclusions obtained in this dissertation, some novel scientific
and technological contributions have been made to the iron oxides based anodes
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for LIBs. The exhaustive content is described as following.

7.2.1 Scientific Contributions

1. Synthesis of iron oxide-carbon hybrids via a facile thermal annealing of
metal organic frameworks. The morphology of the as-prepared hybrids was
successfully modified by the introduction of graphene. The corresponding
heterostructured hybrids demonstrate an improved electrochemical performance,
as a result of the unique nanostructure, high surface area and the synergic effect
of composites.
2. Iron oxide-manganese dioxide nanorod was synthesized via a facile two step
method. The controllable tuning of the hybrid nanorods’ nanostructure was
conducted via changing the annealing temperature. The inward movement of
Mn was observed, during thermal condition. The in-situ formation of the
oxygen vacancies is responsible for the enhanced electrochemical performance
as anode for LIBs.
3. Fundamental understanding the structure evolution of the iron oxide anode,
during cycling, via comprehensive characterization on cycled electrode.

7.2.2 Technological Contributions

1. Providing a facile approach to introducing the oxygen vacancies via ionic
intermixing under thermal condition.
2. Constructing a unique hybrid nanostructure made of Fe3O4 nanocrystals
embedded within carbon frameworks using thermal decomposition of MIL53(Fe) templates.

7.3

Future Work

Based on the content of our work in this thesis, the following research is
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recommended for the future work to further investigate and develop a novel
transition metal oxide-based material and the related electrochemical reaction
mechanism as high performance anode for LIBs.

7.3.1 Fundamental Investigation of the Influence of the Substitute Cations
on the Electrochemical Performance

Partial replacement of metallic elements in transition metal oxides with other
metallic elements of different valences produces stoichiometric or even nonstoichiometric ternary transition metal oxides (mixed transition metal oxides).
The merging ternary transition metal oxides comprising of two different metal
cations show promising potentials as anode materials for LIBs.345-347 They have
exhibited high and adjustable electrochemical activities corresponding to the
complexity of elemental composition and the synergetic effect from
constitutional cations. Furthermore, due to the advantages of the chemical
composition complexity, the desirable electrochemical characteristics such as
working potential, conductivity and theoretical capacity, of the ternary
transition metal oxides can be obtained via tuning kinds, concentration and
valence of the metallic cations.348, 349
In the present work, the research on the effect of secondary composites in iron
oxide-based hybrids anodes have been conducted. According to previous
studies, partial replacement of Fe element forming ternary transition metal
oxides is supposed to significantly affect the materials’ electrochemical
performance.350 It is believed that the optimum properties of the Fe-based
ternary metal oxide are available through adjusting the substitute cation.
However, even though numerous efforts have been devoted to exploring the
electrochemical performance of various Fe-based ternary metal oxide mixed
with different metallic elements (as seen in Table 7.1), the exact influence of the
substitute cation on the electrochemical performance is still unclear. Therefore,
more thorough and systematic studies should be given in the experimental and
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theoretical terms. The illustration from the perspective of the fundamental
studies would provide a clear-cut guideline for developing alternative highperformance anodes for LIBs.

Table 7.1 Current state of investigations for Fe-based ternary metal oxide anode for
LIBs
Current
Fe-based Ternary Metal Oxides Anodes

Density
(mA g-1)

Cycling

Capacity

Number

(mAh g-1)

Ref

Yolk-shell Structured ZnFe2O4 Powders

500

200

862

351

NiFe2O4 Nanofibers

100

100

1000

352

Porous Hollow CoFe2O4

5000

100

290

353

Mesoporous ZnFe2O4 Nanorods

100

50

983

354

Ordered Mesoporous CoFe2O4

200

30

702

355

Hollow CoFe2O4 Nanospheres

90

50

1185

356

Mesoporous MnFe2O4 Microspheres

186

50

712

357

FeCo2O4 Nanoflakes

200

170

905

358

Porous MnFe2O4 Microrods

4000

1000

420

359

Zn0.3Mn0.7Fe2O4 Nanofibers

60

50

612

360

Porous Hollow MnFe2O4

5000

100

447

353

NiFe2O4 Nanorods

1000

300

520

361

CoFe2O4 Nanorods

1000

300

800

361

Porous Hollow ZnFe2O4

5000

100

390

353

133

Conclusions and Future Work

Chapter 7

7.3.2 Fundamental Studies of the Electrochemical Reaction Mechanism of
the Fe-based Ternary Metal Oxide Anodes Using In-situ TEM

Figure 7.1 Schematic illustration of nanobatteries for in-situ TEM
characterization.362

It is well known that the electrochemical reaction mechanism and structure
evolution of electrode materials during cycling should be fundamentally
understood, in order to effectively offer strategies to improve the cycling
performance and mitigate the structural deterioration. Until now, lots of in-situ
techniques have been employed and developed to elaborately demonstrate the
textural modification of electrode materials during cycling, including optical
microscopy,

SEM,

synchrotron

XRD,

synchrotron

X-ray

absorption

spectroscopy (XAS), synchrotron transmission X-ray microscopy (TXM),
Raman spectroscopy, Fourier transform-infrared spectroscopy (FTIR), mass
spectroscopy (MS), nuclear magnetic resonance (NMR) spectroscopy and TEM.
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Among those in-situ characterizations, optical microscopy and SEM can only
offer a low spatial resolution revealing macrostructure evolution such as microbreaking of electrode, during electrochemical reactions. The crystal and
electronic structure can be provided in in-situ XRD and XAS measurements,
respectively. Due to the advantages of ultrahigh resolution, in-situ TEM
batteries have been extensively utilized in materials characterization to reveal
their structural and properties’ real time evolution until very recently.
To dates, there are two kind nanobattery cells for in-situ TEM (as seen in Figure
7.1), one filled with ionic liquid electrolytes of room temperature and the other
assembled by all solid components. For the first one, the liquid electrolyte can
be sealed in liquid cells comprising of top and bottom Si3N4 membranes.362
Although the morphological and structural evolution of active materials can be
observed, the spatial resolution will be limited owing to the presence of liquid
phase. To further perform real time composition analysis, the all solid cell for
in-situ TEM is attempted to be utilized. Until now, various alloy anode such as
Si and Sn with different nanostructures have been investigated in terms of their
structural evolution in real time of electrochemical lithiation.363-365
In this thesis, ex-situ TEM has been used to verify the phase transition of αFe2O3 anodes. The conclusion provides a novel possibility to develop high
performance metal oxide based anodes for LIBs. However, in the ex-situ
characterization, the decomposition of the electrodes’ surface might happen,
because of the inevitable exposure to the ambient atmosphere. Therefore, it is
reasonable to recommend the conduction of in-situ TEM on the Fe-based
ternary metal oxide anodes as our future work. Deep comprehension of the
lithium storage mechanism in the Fe-based ternary metal oxide anodes would
be achieved from the obtained information of the transient state at a ultrahigh
resolution.

135

Conclusions and Future Work

Chapter 7

7.3.3 Fabrication and Investigation of the Fe-based Ternary Metal Oxide
Hybrids Electrode

Based on the conclusions of the thesis, construction of heterostructure can bring
about an enhanced electrochemical performance of iron oxide anodes, owing to
the synergetic effect between composites. The merits from the introduction of
carbon based species and metal oxides have been validated in our work. For
that reason, it is sensible that the hybridization of Fe-based ternary metal oxides
with other active species could further optimize the electrode’s performance.
So far, around the world, lots of efforts have been devoted to developing
various Fe-based ternary metal oxide hybrids as anodes for LIBs (as listed in
Table 7.2), which showing high electrochemical performance. In future work,
the influence of nanostructure and composition on the electrode’s performance
will be thoroughly investigated. The structural evolution of the as-prepared
nanstructured hybrids during cycling can be measured using in-situ TEM. The
comparison of electrodes’ structural stability will provide effective approaches
to construct anode materials with desirable properties.

Table 7.1 Current state of investigations for Fe-based ternary metal oxide hybrids for
LIBs
Current
Fe-based Ternary Metal Oxide Hybrids

Density
-1

(mA g )

Cycling

Capacity

Number

(mAh g-1)

Ref

CoO/CoFe2O4 Nanocomposites

1000

100

603

366

CoFe2O4-graphene Nanocomposites

100

50

910

367

Co3O4/CoFe2O4 Nanocomposites

64

60

896

368

Core–Shell NiFe2O4@TiO2 Nanorods

2000

100

358

369

Mesoporous CoFe2O4/CNTs Nanocomposites

200

100

1046

370

136

Conclusions and Future Work

Chapter 7

NiFe2O4/C composite

114

40

780

371

CoFe2O4/graphene nanocomposites

1000

50

651

372

Carbon Coated ZnFe2O4 Nanoparticles

40

100

1300

373

Porous ZnO/ZnFe2O4/C Hollow Octahedra

2000

100

988

374

MWCNT–ZnFe2O4 Nanocomposites

60

50

1032

375
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