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ABSTRACT
In this thesis project, Mn3O4/rGO hybrid nanomaterials using as anode for lithium-ion
batteries have been studied. These anode materials have been characterized by variety of
techniques to show the effect of the structures and composition on the electrochemical
performance of lithium-ion batteries. A literature review summarizes the overview and the
principles of lithium-ion battery, electrode materials and compounds.
Nanosized manganese oxide (Mn3O4) particles, active materials for specific capacity,
grown on reduced graphene oxide (rGO), support material for electrical conductivity, have been
prepared via a facile in-situ synthesis method in the mass ratios of 1:1(MRG1), 2:1 (MRG2) and
3:1 (MRG3) for negative electrode at high performance lithium ion batteries (LIBs). Optimizing
weight feed ratio of Mn3O4 on the rGO surface has demonstrated better results within MRG2
hybrid material in terms of physical, structural and electrochemical properties. X-ray diffraction
(XRD) results of MRG2 hybrid material present that all peaks are outstandingly indexed to
Hausmannite phase of Mn3O4, and the excellent purity of Mn3O4 crystalline phase is obtained.
Raman spectroscopy also confirms the presence of Mn3O4 and rGO in MRG2 hybrid material.
Besides, SEM and TEM images of MRG2 hybrid material show that Mn3O4 nanoparticles are
homogenously dispersed on rGO nanosheets (rGOs) as well as high crystallinity.
Electrochemical testing shows that the MRG2 electrode has possessed a high reversible
capacity, cycling stability, and rate capability by the virtue of efficient electron conduction
pathways and high surface area properties promoted by rGOs. Cyclic voltammetry measurements
of MRG2 materials are indicated overlapped peaks corresponding to lithium insertion and
extraction. In A.C. impedance measurements, low conduction loss is observed after a certain
number of cycling in MRG2 electrode.
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Chapter 1

INTRODUCTION
Energy storage has become the major challenge as an indisputable truth in the twentyfirst century1. In terms of the needs of modern society and emerging ecological concerns, new
alternative technologies have been developed to harvest and store sustainable clean energy over
the past several decades. One of the best way to restore energy as electricity is through
electrochemical conversion that can convert chemical energy into electrical energy, by sharing a
common carrier as the electron. Compared to other energy storage systems, rechargeable lithiumion batteries are one of the greatest successes of modern electrochemical storage devices in
reversible conversions since they are a serious contender to better manage the renewable
resources on the earth, and to favor the deployment of electric vehicles so as to reduce pollution2.
However, these advanced batteries still have possessed a limited performance related capability
and stability.
The lithium-ion batteries contain two electrodes as cathode (positive) and anode
(negative) that are reversibly capable to host lithium ions. These two electrodes consist of
lithiated metal oxides and carbonaceous materials, respectively. The graphite is used as an anode
material in rechargeable batteries3 due to its layered structure for intercalating lithium ions,
working at low potential and excellent interfacial stability4, but it has a limited intercalation
capacity (372 mAhg-1) with LiC6. The exploration of new nanostructured carbonaceous materials
such as graphene-based transition metal oxide can play a critical role to improve the anode
performance of lithium-ion batteries, and the modifying carbonaceous anode materials based on
crystallinity and microstructure can provide us new opportunities to determine better
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electrochemical performance of lithium-ion batteries.
In the recent studies, materials with two-dimension (carbonaceous materials), has been
widely investigated as an active anode material for high-performance lithium-ion batteries.
Among a variety of high capacity electrode materials, manganese oxide is one of the most
promising, abundant and non-toxic anode material5 with high theoretical specific capacity (937
mAhg-1). Unfortunately, these materials show capacity fading and poor cyclability as cyclic
discharge and charge due to its weak conduction, high volume change and degradation of
electrode materials as cycling when it is unaccompanied. In contrast, the recent researches also
indicate manganese oxide hybrid or nanocomposite materials with derivatives of graphene
facilitated charge transfer plays very crucial part in anode materials to enhance performance of
capability and cycling behavior. This is because low mechanical stresses with small volume
changes between Li-containing and Li-free states occurred during charge/discharge cycles. Yet,
the electrochemical performance of this hybrid material is degraded by the crystallinity, the
dispersion and the loading ratio of nanoparticles on the surface of nanosheets. Today’s research
activities are intensely focused on such reversible hybrid anode materials.
The electrochemical performance of lithium-ion batteries is determined precisely by the
properties of their electrode materials and electrolytes. In this work, the general objective is to
improve the electrochemical performance of lithium-ion batteries through developing a hybrid
anode material with optimizing particle distribution and component composition. These can be
obtained via in-situ fabrication of nanostructured electrode materials, and electrochemical
performance of these materials will be examined based on the structure and morphology of the
electrode by relevant material characterization methods mentioned below.
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The subjects mentioned in this thesis are summarized as follows: 1) Studying alternative
high capacitive electrode materials, such as manganese oxides. 2) Studying the electrochemical
performance of high capacity hybrid electrode materials by incorporating carbon allotropes such
as reduced graphene oxide. 3) Synthesis of nanostructured electrode materials using in-situ facile
and low-cost methods, such as thermal and chemical reduction method. 4) Physical
characterization of the hybrid materials using powder X-ray diffraction (XRD), Raman
spectroscopy, field-emission scanning electron microscopy (FESEM), transmission electron
microscopy

(TEM),

etc.

5)

Electrochemical

characterization,

such

as

galvanostatic

charge/discharge tests, cyclic voltammetry and electrochemical impedance spectroscopy of the
hybrid materials using coin-type half cells. The chapters in this thesis are also briefly outlined as
follows:
Chapter 2 gives literature review on lithium-ion batteries, including the overview and
working principles of lithium-ion batteries, and a review of the literature on the electrode
materials.
Chapter 3 presents the experimental procedures, the chemicals used, synthesis
techniques, and physical and electrochemical characterization methods.
Chapter 4, manganese oxide / reduced graphene oxide hybrid materials loading with
different weight were synthesized by thermal reduction of a sol-gel and chemical reduction of
graphene oxide. The effects of the ratio of graphene to manganese oxide on the morphology and
the electrochemical performance were studied. When the optimized ratio of the manganese
chloride precursor to the graphene oxide was equal to or less than one, the hybrid electrode
showed the high capacity and good capacity retention at higher rates.
Finally, chapter 5 contains the summary and conclusions of this thesis.
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Chapter 2

LITERATURE REVIEW

2.1 Overview of the Lithium-ion Batteries
Rechargeable Li-ion cells are the key components of the portable, entertainment,
computing and telecommunication equipments, which are heavily used in today’s informationrich, mobile society6. Nickel-cadmium, lead acid, sodium-sulphur, sodium-metal chloride and
nickel-metal hydride based batteries, all have issues regarding safety, cost, stored energy density,
charge/discharge rates, and service life, which restricts their usage in the mass electric battery
market. At the same time, lithium-ion batteries have excellent properties that can overcome above
issues, which put them into the highlight in advanced battery research during last decades.
Researches about the intensive advanced battery studies in the last decades have tended focusing
on improving the lithium-ion batteries owing to their excellent properties that can overcome the
above issues.
The lithium-ion battery, first introduced by T. Nagaura and K. Tozawa of SonyTec Inc. in
1991, is an electrochemical energy storage device that can effectively convert stored chemical
energy into electrical energy. It owes its name to the exchange of the Li+ ion between the graphite
(LixC6) anode and a layered-oxide (Li1-xTMO2) cathode, with TM (a transition metal) such as
cobalt, nickel or manganese. The amount of electrical energy that a battery is able to deliver,
expressed either per unit of weight (Whkg–1 ) or per unit of volume (Whl–1), is a function of the
cell potential (V) and capacity (Ahkg–1) that are linked directly to the chemistry of the system6.
The energy density of different types of rechargeable batteries are compared in Figure 2-1,
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obviously lithium-ion batteries have the highest energy density. The energy that stores (≈140
Whkg-1) at an average voltage of 3.8 V is a factor of 5 higher than that stored by the much older
lead–acid batteries, which means this can seem poor in the light of Moore’s law in electronics
(according to which memory capacity doubles every 18 months), but it still took a revolution in
materials science to achieve it7.
Today, lithium-ion batteries have become the main power source in the applications used
rechargeable battery due to their advantageous over other rechargeable batteries, such as at least 3
times higher energy density, working at higher voltage, and providing environmentally friendly
batteries.

Figure 2-1 Comparison of different battery technologies in terms of volumetric and gravimetric
energy density6.
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2.2 The Working Principle of Lithium-ion Batteries
A lithium-ion battery is commonly made from the several electrochemical cells. These
lithium-ion cells are manufactured in different types, shapes and sizes. The shapes of various
lithium-ion batteries presented in Figure 2.2 are varied as cylindrical, coin, prismatic, thin and flat
plastic cells whereas these batteries have almost same configurations. The configurations of the
lithium-ion batteries are similar to lithium-ion cell consists of the cathode as positive electrode,
the anode as negative electrode, a porous polymer membrane for separating these two electrodes,
and electrolyte that is ionic transporter and electronic insulator6. The solution of LiPF6 in a
mixture of alkyl carbonates is generally used as the electrolyte to obtain high-permittivity and
low-viscosity. Additionally, aluminum and copper are also used as current collectors for cathode
and anode, respectively, which provide better charge transfer and are nonreactive to the
electrochemical reactions at the electrodes.

Figure 2-2 Schematic diagrams showing the shapes and components of various lithium-ion
battery configurations: a) cylindrical; b) coin; c) prismatic; d) thin and flat plastic cell6.
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The energy storage in lithium-ion batteries is based on lithium-ion insertion process at the
electrodes. The lithium ions are held in the two-dimensional structures and released by the host
materials at the respective electrodes. This process called as intercalation is shown in Figure 2-3,
where the cathode is a layered oxide (LiMO2) and the anode is composed of graphite. Since the
intercalation is a reversible operation, the lithium-ion batteries are rechargeable energy storage.
During charge process, Li ions are extracted from the layered structure of LiMO2 (cathode), pass
through electrolyte and are intercalated to carbon electrode (anode) by forming LixC compound
while the electrons move to cathode in the same direction. During the discharging process, the Li
ions are reversibly deintercalated from the anode and transferred back into layered structure of the
cathode. Thus, the stored chemical energy is converted to electrical energy. The de/intercalation
processes are indicated in the following chemical equations8 (using C and LiCoO2):

Positive Electrode: LiCoO2

↔  Li1-xCoO2 + xLi+ + xe-

Negative Electrode: C + xLi+ + xe- ↔  LixCn
Overall: LiCoO2 + C ↔  Li1-xCoO2 + LixCn

8

Figure 2-3 Schematic diagram of a rechargeable lithium-ion battery9.

2.3 Electrode Materials for Lithium-ion Batteries
In the present battery technology, the intrinsic property of the active materials at cathode
and anode plays a very critical part to improve the electrochemical performances of lithium-ion
cells such as cell potential, capacity or energy density. The finding better positive and negative
electrode materials provide the best performing lithium-ion batteries that could display the greater
potentials (e.g. highly oxidizing) or larger capacity (materials capable of reversibly inserting more
than one electron per 3d metal)2 by removing detrimental reactions with electrodes-electrolyte
interface. The cycling performance and lifetime are related to the nature of the interface between
the electrodes and electrolyte. The safety is also dependent on the stability of the electrode
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materials and interface. Therefore, an attentive selection of electrode materials is very important
in terms of the high performance and safety issues.

2.3.1 Positive Electrode Materials
In general, the active materials for positive electrodes are compounds based on transition
metals which can release lithium ions from the structure by oxidation of the transition metal
cations10. Most of the active materials for the positive electrode of the lithium-ion batteries have a
layered structure, with transitional metal ions ordered in a layer (slab) and lithium ions in the
following layer (interslab). LiCoO2 as the classical cathode materials is most widely used in
commercial lithium-ion batteries, deintercalating and intercalating Li-ion around 4V. LiCoO2 has
a layered structure ensured the fully extraction of Li-ions from the interslab due to structural
changes. LiCoO2 is also thermally very stable compared with other cathode materials; however,
LiCoO2 is unsuitable as an electrode material because of low capacity, leading to reaction with
the electrolyte, battery pollution, healthcare and safety problems, especially at high temperatures1.
During charging process, several unwanted phases, which affects to stability of cycling
performance, occur in LiCoO2. Hence, LiCoO2 is carried out only reversible cycling of 0.5 or less
moles of Li+ in the charge reaction, which provides a theoretical capacity of 140 mAhg-1 and
works at the potential of 3.9V. In addition, Cobalt is pricey for the lithium-ion batteries. For this
reason, finding new alternative cathode materials, which can offer lower cost such as several
promising cathode materials shown in Figure 2-4, is necessary for the further generations of
lithium-based batteries.
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Figure 2-4 Voltage versus capacity for positive and negative electrode materials presently used or
under serious considerations for the next generation of rechargeable Li- based cells9.

LiNiO2 is one of the alternative materials with identical layered structure to LiCoO2 for
positive electrode. The advantage of LiNiO2 is that the cost of Ni is lower than Co11–14.
Nevertheless, LiNiO2 is inapplicable as a cathode material for the lithium-ion batteries because
the compound has instable structure at room temperature after delithiation. Besides, due to
existing of Ni in Lithium sites, LiNiO2 has disordered form that causes a reduction of lithium
diffusivity and of rate capability. LiMnO2 is another alternative layered cathode material, which
is cost-efficient and green electrode because of nature of manganese15–18. Unfortunately, since
solid-state synthesis is impossible to carry out at high temperatures, the structure of LiMnO2 has
instable and convert to spinel that is more thermodynamically stable during lithium
intercalating19. As a consequence of forming unstable structure in Ni and Mn compound during
delithiation/lithiation reactions, new modifications of layered metal oxide compounds have
investigated by combining the transition metals such as Co, Ni and Mn. The combinations of
cathode materials, LiNixMnyO2, LiNixCoyO2, LiMnxCoyO2, and LiNixMnyCozO2, have displayed
better electrochemical performance for lithium-ion batteries. Another interesting family of
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cathode materials is the vanadium oxides that are one of the first layered oxides. Although they
have been used as cathode materials for lithium batteries (non- rechargeable), their high capacity
of up to 300 mAh/g has aroused new research interest. During the galvanostatic cycling, V2O5
forms several phases containing lithium ions and shows a complex intercalation behavior as
sloppy. This is an improper behavior for commercial applications. However, other two vanadium
oxides, V6O13 20 and LiV3O8 21, show better intercalation to 1 Li per V and swelling structure to
accommodate more Li-ions. Spinel type transition metal oxides, LiMn2O4, have also gained
interest as a green alternative positive material, regardless of their slightly lower capacity (120
mAhg-1).
The very first cathode material that is low cost and environmentally friendly is LiFePO4
compound. As seen in Figure 2-4, it is one of the polyoxyanionic compounds with olivine
structure and can intercalated up to 1 Li per Fe22. During charging process, this compound forms
two phases and FePO4 provides structural stability. Besides, the equilibrium and the theoretical
specific capacity of LiFePO4 compound are equal to 3.4V vs. Li/Li+ and 170 mAhg-1,
respectively. Several other polyanionic compounds have been introduced as new cathode material
such as lithium metal silicate (LiMSiO4)23, lithium metal fluorophosphates (Li2MPO4F)24–26,
lithium metal pyrophosphate (Li2MP2O7)27, lithium metal fluorosulphate (LiMSO4F)28,29, lithium
metal borates (LiMBO3)30, and lithium metal hydroxysulphate (LiMSO4OH)31, where M is a first
row transition metal. Nonetheless, these compounds are still impossible to replace the present
positive electrode materials in the lithium-ion applications32–38.
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Figure 2-5 The crystal structure of olivine LiFePO4 in projection along [001]. On the left,
expanded view of the framework built on FeO6 octahedra and PO4 tetrahedra, with Li ions in red.
On the right, restricted view of Li, Fe and P distribution between two distorted, h.c.p. (hexagonal
close packed) oxygen-dense layers (PTd[LiFe]oct.O4). LiO6 octahedra share edges and Li ions may
diffuse along [010] and [001]9.

2.3.2 Negative Electrode Materials
Development of new anode materials giving a good electrochemical performance for
lithium-ion batteries is necessary to replace lithium metal. This is because lithium metal has
instable surface during lithiation/delitihiation and can create a possibility of short-circuit in the
cell. When the active electrode material is highly charged at more cathodic equilibrium potential
for the Li-ion swap, the lithium-ion battery gains high specific energy. As a result of a large
number of chemical or physical modifications, many negative electrodes display good
electrochemical properties that can overcome issues and challenges as shown in Figure 2-5.
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Figure 2-6 Potential versus gravimetric capacity of anode materials39.

The most common active material for negative electrodes in lithium-ion batteries is
graphite. For the lithium-ion batteries, the advantages of graphite are low-cost, good capacity
retention, and very good cycle life whereas its drawbacks are the low theoretical specific capacity
of 372 mAh/g, and volumetric capacity of 830 mAh/ml. It is a well-defined layered compound
formed by graphene sheets; the lithium ions can intercalate in between these sheets. When Li ion
is inserted into layer-structured anode materials, the structure of host material usually has
minimal structure evolution maintaining the layered structure. Intercalations of lithium-ions in
graphite are highly ordered and change only ~10% of volume as displayed in Figure 2.7. This
order is repeated in the whole crystallite. For this reason, lithium-graphite compounds have
different structures and different phases. Due to its lithiation potential range of 0.22-0.1 V
(Li/Li+), graphite is a feasible compound as anode for lithium-ion batteries.
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Figure 2-7 Lithiation process of carbon graphite anode material40.

Some elements such as Al, Si, Ge, Sn can alloy with lithium and show a huge theoretical
capacity ranging from 1000 to 4000 mAhg-1 (much higher than graphite); therefore they are
suitable substitutes of metallic lithium in lithium batteries. The equilibrium potential of such
alloys in electrolytes containing Li+ ranges between 1.0 and 0.3 V (Li/Li+)4,41–43. However, there
is a large volume expansion during lithiation/delithiation cycling that induces mechanical stresses
leading to cracks and fracturing of the electrode, and final failure of the Li ion battery44–46.
Besides, TiO2 and titanates are included in the list of negative intercalation electrodes for lithiumion batteries, even if it is possible to use them as a positive electrode. The titanates anodes have
remarkably high power density compared to graphite and other competing anode materials. The
advantage of using such electrodes is related to the more anodic equilibrium potential of the
intercalated compound. Nevertheless, as a major drawback, the titanate anodes have low specific
capacities. The theoretical specific capacity for Li4Ti5O12 is 175 mAhg-1 while the theoretical
capacity for titanium dioxides is 330 mAhg-1. Lithium titanate and titanium dioxides also have an
equilibrium potential of 1.5 V and 1.8 V (Li/Li+), respectively47,48. During lithiation, Li ions are
inserted into the interstitials of the host material structures without changing the main structure of
the host anode electrode such as Li4Ti5O12 49. While Li4Ti5O12 is dimensionally stable during
reversible lithiation, its theoretical capacity is insufficient compared with that of many
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carbonaceous materials and Li alloys.
The transition metal oxides with high reversibility and cyclability such FeO, Fe2O3, or
CuO are introduced as conversion anode materials for lithium-ion batteries. These materials have
been found to have reversible conversion reaction with lithium recently50–52. The gravimetric
capacity of transition metal oxides ranges from 650-1000 mAhg-1, which is more than twice
larger, compared to graphite. They are also low-cost, environmentally benign and abundant.
However, the drawback is their potentials versus Li/Li+ are higher than that of graphite39.

2.4 Manganese Oxides
Manganese oxides vary in four different phases ranging from Mn4+ to Mn2+: MnO2

53

,

Mn2O3 54,55, Mn3O4 54,56, and MnO 57–62. They are all applicable as anode materials for lithium-ion
batteries and exhibit high theoretical specific capacities in the range of 1,233-755 mAhg-1, which
is more than twice greater compared with graphite. Manganese is an attractive metal due to low
cost, abundant, and environmentally benign. In addition, the oxidation potential of manganese
oxides is lower than other transition metal oxides, which is about 0.2-0.4 V. However, the main
two disadvantages of the manganese oxides are that their specific capacity in the first cycle is
irreversible and they are the most compelling transition metal oxide to reduce. MnO2 and Mn2O3
usually show poor capacity retention while MnO and Mn3O4 exhibit high reversible capacity.
Mn3O4 that has a theoretical capacity of 936 mAhg-1 goes through the following path during
lithiation process prior to conversion to manganese metal: Mn3O4

à

LiMn3O4

à

MnO ó Mn.

After the different lithium insertion steps, all manganese oxides commonly show the same first
reduction potential plateau between 0.2 and 0.4 V. In addition, Manganese oxides show low
voltage plateau ranging from 1.0 to 1.4 V during the oxidation step, which provides a higher
output cell potential as advantage. The below equations57,56 show the reversibility of lithiation
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processes for Mn3O4. First two conversion reactions are irreversible whereas the rest is reversible
processes with lithium.
Mn3O4 + Li+ + e- à LiMn3O4

(1)

LiMn3O4 + Li+ + e- à 3MnO + Li2O

(2)

MnO + 2Li+ + 2e- ó Mn + Li2O

(3)

Mn3O4 + 8Li+ + 8e- ó 3Mn + 4Li2O

(4)

2.5 Graphene
Graphene is referred to a single 2D nanomaterial (nanosheet) of sp2-hybridized carbon63 in
graphite. Stacking graphene nanosheets forms graphite. In terms of energy density and mechanical
properties, the use of graphene is very impressive for nanosized materials providing high capacity. The
capacity of graphene as active material for negative electrode is of <200 mAhg-1. Graphene characteristics
such as synthesis method, surface area, defects, and electrical conductivity strongly affect the capacity and
energy density for lithium-ion batteries. The stacked graphene nanosheets produced from exfoliated
graphite provides efficiently lithium storage in layered carbonaceous compounds. Figure 2-8 shows
schematically a processing method of composite graphene electrodes made with metal oxides that can react
with lithium and disperse between graphene nanosheets. Graphene-metal/oxide nanocomposite material is
prepared from graphene oxide (GO) that is exfoliated graphite oxide64–69. This significant route provides
very significant improvement at gravimetric and volumetric capacities. In addition, graphene as a support
material renders high electrical conductivity70 and good mechanical integrity71 to the active nanostructured
metal oxides dispersed on its surface. While its large open-structure contributes the ion charge transfer in
the lithium-ion battery, its large surface area causes high irreversible capacities.
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Figure 2-8 Graphene-metal/oxide nanocomposite electrodes72.
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Chapter 3

EXPERIMENTAL PROCEDURE

3.1 Starting Materials
Graphite powder (≤20µm, 99%) and carbon black (Super P Conductive) (99+%) were
purchased from XF Nano INC. and Alfa Aesar, respectively. Sodium nitrate (NaNO3, 99 wt%),
potassium permanganate (KMnO4, 99 wt%), hydrogen peroxide (H2O2, 30 wt%), manganese (II)
chloride tetrahydrate (MnCl2.4H2O, 99 wt%), hydrazine hydrate (N2H4.H2O, 99.99 wt%), lithium
hexafluorophosphate (LiPF6, 99.99 wt%), ethylene carbonate (EC, 99 wt%), propylene carbonate
(PC, 99.7 wt%), dimethyl carbonate (DMC, 99 wt%), poly(vinylidene fluoride) pellets (PVDF) (–
CH2CF2–)n, and N-Methyl-2-pyrrolidone (NMP) (C5H9NO, 99.5 wt%) were purchased from
Sigma-Aldrich, India. Hydrochloric acid (HCl, 36.5 wt%), isopropyl alcohol (IPA)
((CH3)2CHOH, 99.5 wt%) were purchased from E-Merck Co. Ltd. Sulfuric acid (H2SO4, 96
wt%) and sodium hydroxide pellets (NaOH, 98.9 wt%) were obtained from J.T. Baker Company
(USA). All purchased chemicals and reagents were used as received without any further
purification.

3.2 Experimental Procedure
The experimental routes of the following hybrid materials are shown in Figure 3-1.
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Figure 3-1: Schematic illustration of the synthesis route of Mn3O4/rGO hybrid materials.

3.2.1 Preparation of Graphene Oxide (GO)
GO was made by a modified Hummers method67. Graphite powders (2.5 g) and NaNO3
(1.5 g) were put into concentrated H2SO4 (98 wt%, 80mL) in a flask in an ice-bath. While stirring
the mixture vigorously, 15 g of KMnO4 was slowly added and the temperature was maintained
below 20°C. Then, the temperature was increased to 35±3°C, and the stirring was kept on for 3 h.
Thereafter, the mixture was diluted with 150 mL deionized (DI) water and 10 mL hydrogen
peroxide solution (30 wt%) was slowly added. Afterwards, the mixture was filtered through
metrical membrane filters (pore size 0.45 µm), washed with 1:10 HCl solution for several times
to remove metal ions, and then washed with DI water to remove the acid. Subsequently, the final
solid was dispersed again in DI water under sonication (200 W, 40 KHz, 5h), which was followed
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by centrifugation at 4000 rpm for 30 min to further remove aggregations. After all, the rest of the
suspension was loaded into a petri dish, was dried at 40°C for 12 h in vacuum oven and the solid
graphene nanosheets were obtained.

2.2.2 Synthesis of Mn3O4/rGO Hybrid Materials
Mn3O4/rGO hybrid materials were fabricated through a facile and simple in-situ synthesis
process (Figure 3-1). In a typical synthesis, GO (0.1g) was dispersed in isopropanol (50 mL) by
sonication for 3 h in a beaker to obtain high homogenous dispersion, and MnCl2.4H2O was added
into GO dispersion and dissolved with the aid of vigorous magnetic stirring for 1 h. Next, the
solution was heated to approximately 85°C with refluxing with magnetic stirring in a 2-neck
round-bottom flask. When the solution reached to 85°C, KMnO4 (0.12M) (2:3 molar ratio with
MnCl2.4H2O) dissolved in de-ionized (DI) water was added rapidly and the mixture was kept
stirring for 30 min at 85°C. After refluxing, the mixture was cooled to room temperature and
precipitated by centrifuge. The resulting precipitate was washed several times with DI water and
re-dispersed in DI water (100 mL) with ultrasonic bath for 30 min in a beaker. Then NaOH
aqueous solution (1M) was dripped into the mixture under constant stirring for 10 min to adjust a
pH value of 10 or above. Subsequently, the solution was heated to around 80°C with refluxing in
2-neck round-bottom flask. Then hydrazine hydrate (0.03 mL) was injected into the above
solution with stirring at 80°C for reduction of GO. After refluxing for 2 h, followed by cooling to
room temperature, the solution was filtrated and washed several times with DI water until filtrate
became neutral. The resulting Mn3O4/rGO hybrid materials were dried at 80°C for over night.
The weight of GO was kept constant in the hybrid materials and the weight loading ratios of
MnCl2.4H2O to rGO was varied as 1:1, 2:1 and 3:1 that has been named as MRG1, MRG2, and
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MRG3, respectively. Separately, bare Mn3O4 nanoparticles and rGO nanosheets were fabricated
through the same simple process without adding graphite oxide or MnCl2.4H2O.

3.3 Materials Characterization
The products were characterized by powder X-ray diffraction (XRD) for structure study
using a PANalytical Empyrean X-Ray Diffractometer performed at a voltage of 40 V and a
current of 40 mA with Cu Kα radiation (λ=1.54 Å) in the 2θ range from 5° to 70° at scan rate of
2° min-1. The Raman Spectra was recorded with a WITec Confocal Raman Microscope with 488
nm wavelength incident laser light and a 100× objective. The morphologies of the samples were
characterized by LEO 1530 MERLIN Field Emission Scanning Electron Microscopy (FE-SEM,
20 kV). The particle size and dispersion of the hybrid materials were investigated by transmission
electron microscopy (TEM) (JEOL JEM-2010F, 200 kV).

3.4 Electrode/cell Fabrication and Analysis
The following procedures were carried out at Wang Research Lab for fabricating
electrodes and cells consisting of lithium foil and Mn3O4/rGO electrode film for high
performance LIBS. The Mn3O4/rGO electrode materials were ground with marble mortar and
pestle for 15 minutes. This hybrid powder (~200mg) as the active material was mixed with Super
P carbon black as a conductive additive and PVDF as a binder with weight ratio of 80:10:10 and
then all three components were stirred in a certain amount of NMP as the solvent for overnight to
produce a uniform and viscous electrode slurry. The slurry was uniformly coated with doctor
blade onto a copper foil as a current collector to prepare electrode film. After coating, the film
was dried at room temperature for overnight and punched circular electrodes and dried again in
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vacuum oven for 12 h at 80°C. The loading densities of the electrodes are ~1mg/cm2. The coin
cells were assembled in an argon-filled glovebox with lithium foil as the counter electrode,
Celgard as the separator, and a solution of 1.0 M LiPF6 (dissolved in EC:PC:DMC with a 1:1:1
volume ratio) as the electrolyte. The galvanostatic Li+ charge and discharge measurements were
obtained at room temperature by using Neware Battery Testing System BTS3000 in potential
range of 0.01-3.0 vs. Li+/Li at various current densities from ~0.1C to 1 C. Cyclic voltammetry
(CV) were performed on EG&G Princeton Applied Research with a scan rate of 0.5 mV/s.
Electrochemical impedance spectra (EIS) were carried out by using Princeton Applied Research
Parstat 2273 within the frequency range from 1 mHz to 100 kHz.
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Chapter 3

RESULTS AND DISCUSSION

4.1 Formation of nanosized various Mn3O4 nanoparticles on rGOs nanosheets

Figure 4-1: Schematic illustration of the preparation route of Mn3O4/rGO hybrid materials.
In this simple in-situ experiment, Mn3O4 nanoparticles were grown on rGO nanosheets by
synthesizing in two different solvents to fabricate Mn3O4/rGO hybrid materials (Figure 4-1). For
the preparation of the hybrid materials, GOs were firstly fabricated from graphite powder by a
modified Hummers method67. The produced GO was used in the synthesis of the hybrid materials
to uniformly distribute the Mn3O4 nanoparticles due to a highly presence of oxygen-containing
functional group on the surface of GO. In the further step, Mn3O4 nanoparticles were formed insitu on GO by using MnCl2.4H2O and KMnO4 since Mn3+ and Mn2+ ions were easily oxidized by
electrostatic forces to the free binding sites of negatively charged oxygen-containing functional
groups on the GO73. In other words, the Mn atoms can bond with O atoms in the oxygencontaining functional groups through an intermolecular hydrogen bond or a covalent coordination
bond, acting as anchor sites for the growth of the crystals73. These oxygen-containing functional
groups also provide that the nanoparticles are dispersed well on the GOs. In last step, the
chemical reduction in a high pH value was carried out using hydrazine hydrate to reduce GOs.
Besides, the presence of the Mn3O4 nanoparticles on the rGO surface has yielded the graphene
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sheets to avoid the aggregation after reduction process. The Mn3O4/rGO hybrid materials
synthesized by this facile method were varied in different loading ratios as 1:1, 2:1 and 3:1, and
they were labeled as MRG1, MRG2 and MRG3, respectively.

4.2 Materials Characterization of Various Mn3O4/rGO Hybrid Materials
The structure and morphology of the various Mn3O4/rGO hybrid materials were
examined by X-ray diffraction (XRD), Raman spectroscopy, field emission-scanning electron
microscopy (FE-SEM), and transmission electron microscopy (TEM). Figure 4-2 presents the
XRD patterns of graphite, GO, rGO, bare Mn3O4 and Mn3O4/rGO hybrid materials fabricated
with different weight ratios. All diffraction peaks associated with bare Mn3O4 and Mn3O4/rGO
hybrid materials are perfectly indexed to Hausmannite phase of Mn3O4 with space group I41/amd
(JCPDS card: 24-0734) and no impurities or other manganese oxide phases were observed in
XRD patterns which means obtaining the excellent purity of Mn3O4 crystalline phase. The
average nanoparticles sizes in bare Mn3O4 and Mn3O4/rGO hybrid materials can be estimated
using Debye-Scherrer equation74. The average sizes of nanoparticles were calculated using the
equation as around 50 and 30 nm for bare Mn3O4 and Mn3O4/rGO hybrid materials, respectively.
The diffraction peak at around 9° assigned to the GO are completely removed from the hybrid
materials, which inferring that there is no rGO crystal phase (002) plane due to fully reduction of
the GO75. These results show that Mn3O4 nanoparticles for all the compositions have been
produced successfully on the rGO nanosheets.
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Figure 4-2: XRD patterns of graphite, GO, rGO, bare Mn3O4 and Mn3O4/rGO hybrid materials.
Raman spectroscopy provides the complementary information about chemical bonding76
and crystal structure of carbonaceous materials to XRD due to probing the vibration modes of
amorphous and crystalline materials77. Figure 4-3 presents the Raman spectrum of bare Mn3O4,
GO, rGO and Mn3O4/rGO hybrid materials. As shown in Figure 4-3(a), the dominant and sharp
peak at 638 cm-1 demonstrates the Hausmannite phase of crystalline Mn3O4 in all hybrid materials
whereas the minor peaks can be observed for an amorphous phase. Meanwhile, a little shifting on
the peaks of assigned to Mn3O4 in hybrid materials has been seen because the reduction process
for GO has most probably affected to Mn3O4 phase and created the oxygen deficiency. The
carbon atoms in graphene bond with sp2 and sp3 hybridizations. The sp2 bonded carbon atoms
(E2g phonons) are referred to the G band, and the defects/disorders in the graphene sheets
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assigned to the D band because of oxygen-containing functional groups78–80. The intensity ratio of
D band (ID) and G band (IG) indicates the extent of the defects/disorders in the graphene
nanosheets and their crystallite size81. The GO, rGO and all three different compositions have G
band at around 1594 cm-1 and D band at approximately 1351 cm-1. The defective graphene have
high intensity of the D band82. Apparently, the D band peak intensity of GO is lower than that of
rGO and the hybrid materials (Figure 4-3(b) and (c)). In other words, all three hybrid materials
show a higher ID/IG ratio (≈1.02) that is similar to that of rGO than the ID/IG ratio (≈0.94) of the
GO, suggesting that the number of layers and sp2 domain size in rGO has been decreased with
reduction process that can create more defects and disorders on the rGO. The Raman spectrum
can confirm the presence of reduced GO, the hausmannite phase of Mn3O4 and the formation of
hybrid materials in Mn3O4/rGO hybrid materials with different ratios. In addition, the Mn3O4 and
rGO sustain their own structure and the results obtained from Raman spectrum are matched well
with above XRD results.

Figure 4-3: Raman Spectra of GO, rGO, bare Mn3O4 and various Mn3O4/rGO hybrid materials.
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The surface morphology of bare Mn3O4, GO, rGO, and MRG1, MRG2 and MRG3 hybrid
materials was examined using FE-SEM images, as shown in Figure 4-4. The bare Mn3O4
nanoparticles are clearly seen in irregular size and shape and aggregated together (Figure 4-4(a)).
The size of nanoparticles in the bare Mn3O4 is about 40-60 nm, which is similar to the average
size calculated from the X-ray diffraction patterns. However, the approximate size of
nanoparticles in the hybrid materials observed is smaller with the range of 20-40 nm. This is due
to interaction between Mn3O4 nanoparticles and rGO, which prevents the growth of the
nanoparticles. This SEM study confirms that the Mn3O4 nanoparticles are encapsulated well in
the matrix of graphene nanosheets, providing rapid ionic and electron transport through current
collector to the Mn3O4 nanoparticles during charge/discharge in the LIBS because of the high
conductivity of rGO.
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Figure 4-4: FE-SEM images of (a) bare Mn3O4, (b) GO, (c) rGO, (d) MRG1, (e) MRG2 and (f)
MRG3 hybrid materials.
TEM images are displayed in Figure 4-5 for bare Mn3O4, GO, rGO, and MRG1, MRG2
and MRG3 hybrid materials. In Figure 4-5(a), the bare Mn3O4 nanoparticles show the irregular
shape and a bigger diameter in around 60 nm due to aggregation of the nanoparticles (as
mentioned in above SEM results). Figure 4-5(b) and (c) reveal that the GO and rGO exhibit very
large and transparent nanosheets. Several layers of the GO are seen as overlapped with each other
because of the presence of the poor interactions of oxygen-containing bonds while the rGO looks
like wrinkled nanosheets due to removing the most of the oxygen-containing functional groups81.
The approximate diameter range of the nanoparticles in the hybrid materials is of 20-40 nm
(Figure 4-5(d-f)). The comparison of the diameters of bare Mn3O4 and the hybrid materials
demonstrates that the abundant O-containing groups of GOs have importance in the Mn3O4
nanoparticles attached onto the surface of GOs by fixing the precursor (Mn-complex) and
preventing that formation of the bigger diameter of Mn3O4 nanoparticles. After reduction process,
the agglomeration is minimized due to removal of the oxygen-containing functional groups and
rGO nanosheets in the hybrid materials that have possessed electrochemically active surface area
by broadening. Besides, rate capability of the hybrid materials can be supported well by this large
surface area. Additionally, the dispersion of Mn3O4 nanoparticles on the rGO nanosheets was
investigated as presented in Figure 4-5(d-f). The TEM images of MRG1, MRG2 and MRG3
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indicates that the loading ratios of Mn3O4 on rGO nanosheets play a very important role in
distribution of nanoparticles, which can definitely affect to electrochemical performance of the
LIBs. When the amount of Mn3O4 is decreased, the rGO is insufficiently covered by the
nanoparticles in Figure 4-5(d). Conversely, when it is increased more, the rGO is completely
covered by the nanoparticles but the aggregation of the nanoparticles on the rGO nanosheets can
most probably be observed due to the excess nanoparticles in Figure 4-5(f). However, it can be
clearly seen in Figure 4-5(e) that the Mn3O4 nanoparticles in MRG2 sample are uniformly
distributed and densely anchored on the rGO surface compared to the MRG1 and MRG3 samples
due to the most appropriate weight feed ratio of Mn3O4 and rGO. As a consequence, the electron
transfer rate of the hybrid materials in MRG2 sample could be advanced by the presence of better
connection and the interaction between the nanoparticles and the graphene nanosheets83.
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Figure 4-5: TEM images of (a) bare Mn3O4, (b) GO, (c) rGO, (d) MRG1, (e) MRG2 and (f)
MRG3 hybrid materials.
The nanostructure study in Figure 4-6 indicates the nanoparticles in the bare Mn3O4 and
the hybrid materials with different weight feed ratios display irregular shapes and sizes. These
high-resolution TEM (HR-TEM) images also exhibit the crystal lattice fringes of the bare Mn3O4,
MRG1, MRG2 and MRG3 hybrid materials. The crystal lattice fringes of bare Mn3O4 with
interplanar spacing of approximately 0.486 nm shown in Figure 4-6(a) correspond to (101) crystal
plane of Mn3O4. The HR-TEM images in Figure 4-6(b), (c) and (d) shows that the lattice spacing
of Mn3O4 nanoparticles were measured as 0.497nm in MRG1 corresponding to (101) plane, 0.495
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nm in MRG2 corresponding to (101) plane and 0.305 nm in MRG3 corresponding to (112) plane,
which are consistent with the width of X-ray diffraction peaks.

Figure 4-6: High-resolution TEM images of (a) bare Mn3O4, (b) MRG1, (c) MRG2, (d) MRG3
hybrid materials.
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4.3 Electrochemical Analysis of Various Mn3O4/rGO Hybrid Electrodes
The electrochemical characteristics of the as-prepared Mn3O4/rGO hybrid materials were
measured using Mn3O4/rGO as a working electrode, a metalic Li foil as the counter electrode and
1M LiPF6 in 1:1:1 EC:PC:DMC as the electrolyte in coin-type cells. The electrochemical
measurements of the working electrode are based on the total weight of the hybrid materials as
active materials (~1 mg). Figure 4.7 shows the charge/discharge profile of the Mn3O4/rGO anodes
as MRG1, MRG2 and MRG3 for the first, second, fifth and tenth cycle at a current density of 1.2
A/g and cycled between 3.0 and 0.01 V vs Li+/ Li. In the first lithiation step, the capacity of three
samples corresponding to the voltage range of ~1.5-0.3 V is due to the irreversable reaction
between Li and rGO, the decomposition of the electrolyte solvent and formation of the solid
electrolyte84. Three electrodes show that lithium insertion occurs at a broad plateau below ~0.3 V
for, which is corresponding to redox reaction (Mn3O4 + 8Li+ + 8e– = 3Mn + 4Li2O)85 while the
potential for the lithium extraction is mainly in a broad voltage range of 0.01-1.5 V. As the
weight ratio of the Mn3O4 in the hybrid materials is increased, the discharge/charge plateau
became more and more sloping in a broad voltage range due to the fact that the Mn3O4
nanoparticles attend to the lithiation/delithiation reactions at a higher voltage range than that of
the rGO. In the initial discharge, the capacity of MRG3 electrode presents the highest value for
Mn3O4/rGO hybrid electrodes (1226 mAhg-1) by comparison with MRG1 (860 mAhg-1) and
MRG2 (1005 mAhg-1). However, MRG2 electrodes has the lowest irreversible capacity of ~328
mAhg-1 in the first cycle, compared to 526 mAhg-1 of MRG1 and 356 mAhg-1 of MRG3. As a
result, the first discharge capacity increases as Mn3O4 content increases. Besides, the value of the
first irreversible capacity dramatically rises out if Mn3O4 content is too low like in MRG1
electrode and high like in MRG2 electrode. This might be because, beased on the above TEM
images, there is a highly lithiation of Li/RGO caused by low content Mn3O4 on rGO surface in
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MRG1 electrode, which is resulted in irreversible reaction, while there is considerable
aggregation of Mn3O4 nanoparticles on rGO surface in MRG3 electrode, which results in poor
conductivity. After the several cycles, the potential plateau of 0.3 V corresponding to the lithium
insertion of Mn3O4 significantly shortens for MRG1 and MRG3 electrodes as cycled. On the
other hand this plateau of MRG2 electrode present quite small contraction due to the well
dispersion and embeding of the nanoparticle in the rGOs.

Figure 4-7: Galvanostatic charge (red) and discharge (black) of (a) MRG1, (b) MRG2 and (c)
MRG3 electrodes at various cycle and current density of 120 mA/g. The potential window is from
3.0 V to 0.01 V.
The bare Mn3O4, rGO and three hybrid electrodes were cycled at a current density of 120
mAg-1 in the potential range of 0.01-3.0 V and the results of the cycling performances are shown
in Figure 4-8. The bare Mn3O4 electrode delivered a reversible discharge capacity of below 100
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mAhg-1 with a dramatic decline and the capacity of the rGO electrode was measured as around 85
mAhg-1 after 40 cycles (Figure 4-8(a)). The cycling performances of the hybrid electrodes in
Figure 4-8(b) confirms that the MRG1 and MRG2 electrodes have a stable cycle life and
reversible capacity, 270 mAhg-1 and 553 mAhg-1 after 40 cycles, respectively. The capacity
difference between the MRG1 and MRG2 is due to the mass of Mn3O4 as active material on the
rGO surface. Meantime, the volume of the Mn3O4 nanoparticles well-dispersed on the rGO
increases with Li insertation. The rGO matrix can be absorbed the volume increase and then
cycling stability is preserved. However, a large decline of the reversible capacity of the MRG3
electrode occurs after 10 cycles and then it rapidly decrease to only 324 mAhg-1 after 40 cycles
although the MRG3 electrode presents a discharge capasity of above 800 mAhg-1 in the initial 10
cycles. This is because the absorbing of the rGO matrix falls through if the volume increase pass
the upper limit. Therefore, the unstable cyclability is observed for the MRG3 electrode whereas
the MRG2 electrode has more stable rate capability and optimal capacity. The results
demonstrated that a good cycling performance and high reversible capacity can be obtained via
optimizing mass feed ratio of the Mn3O4 on the rGO.

Figure 4-8: Cycling performance of (a) bare Mn3O4, rGO, (b) MRG1, MRG2 and MRG3
electrodes at current density of 120 mA/g-1 in the potential range of 3.0-0.01 V for 40 cycles.
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The capacity retentions of three hybrid electrodes were evaluated at various current
densities of 120, 240, 600, 1200 mAg-1 and reverse (1C=1200 mAhg-1). As seen in the Figure 4-9,
the discharge voltages of all three electrodes decrease with increasing current density. The good
current rate capability is observed in the MRG2 electrode (Fig 4-9(b)). First, the MRG2 electrode
is cycled at the low current rate of 120 mAg-1 for five cycles and the reversible specific capacity
reaches ~550 mAhg-1. In the further cycles, even with increasing the current density of 1200
mAg-1 by 10 times, the specific capacity is ~330. When the current density gets back to 120 mAg1

, the MRG2 electrode delivers the specific capacity of 531 mAhg-1 after 40 cycles, which is very

close to its initial capacity. Moreover, MRG1 shows a good rate capability as slightly as MRG2,
but its specific capacity is much lower due to the low weight-loading ratio of the Mn3O4
nanoparticles in the Mn3O4/rGO hybrid electrodes Fig 4-9(a)). In addition, the rate capability of
MRG3 is very unstable as shown in Fig 4-9(c). At the low current density of 120 mAg-1, the
specific capacity is dramatically decayed. As the current density is decreased, the rate capability
looks like instable. When the current density returns back to 120 mAg-1, the specific capacity of
the MRG3 electrode can jump to higher value but it leads to decline again in the further cycles.
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Figure 4-9: Capacity retention performance of (a) MRG1, (b) MRG2 and (c) MRG3 hybridelectrodes at various current density of 0.1C, 0.2C, 0.5C and 1C (1C=1200 mAg-1) in the
potential range of 3.0-0.01 V for 5 cycles per current density.
Cyclic voltammetry performance was investigated to observe the reversibility and
stability for three hybrid electrodes. The CV curves were carried out at a scan rate of 0.5 mVs-1
between 0.01 V and 3.0 V in the initial 10 scans of the electrodes. Figure 4.10 shows the lithiation
of the electrodes in the voltage range of 3.0-0.01 V and delithiation of the electrodes in the
voltage range of 0.01-3.0 V. It is clearly observed in below three figures that the peaks of the
MRG2 electrode in following 10 cycles overlap well, which indicates the electrochemical
reversibility and structural stability (Figure 4.10(b)). A small peak around 1.0 V was observed in
the first scan, which is most likely related to decomposition of electrolyte and formation of SEI
film on the surface of the electrode and reduction of Mn3+ to Mn2+. A broad lithiation peak around
0.1 V is ascribed to the main reduction reaction occurred from Mn2+ to Mn(0). In the subsequent
cycles, this cathodic peak shifted to a higher voltage of 0.3 V and remained stable, which is a
prevalent to manganese oxide electrodes, and indicates the structural changes during the lithium
insertion in the first cycle86. In the delithiation process, Mn(0) oxidized to Mn2+ at around 1.4 V,
and then a broad delithiation peak appears in the potential range of 2.0-2.5 V that is assigned to
the further oxidation of Mn2+ to Mn3+. The overlapped peaks related to oxidation and redox
reactions after the second cycle demonstrate good electrochemical reversibility and structure
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stability for the MRG2 electrode. Figure 4-10(a) indicates the MRG1 electrodes show the almost
similar results to that of the MRG2, but the cathodic/anodic peaks have low magnitude. This is
because the Mn3O4 as active material in the MRG1 electrode generates weak current releasing
fewer electrons due to its low content in the rGO. However, the magnitude of the
lithiation/delithiation peaks for the MRG3 electrode dramatically declines as scanning cycles,
which confirms that the reversible specific capacity of the MRG3 electrode decays with cycling.
It can be concluded that the weight of active anode materials loading on the rGO is an important
parameter to obtain a good reversible capacity and stable structure during lithium insertion and
extraction for the LIBs.

Figure 4-10: Cyclic voltammetry (CV) performance of (a) MRG1, (b) MRG2 and (c) MRG3
hybrid electrodes at scan rate 0.5 mVs-1 for 10 cycles.
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Electrochemical properties of a material considering as anode for LIBs depend on their
electrical conductivity and Li ion transfer ability81. Electrochemical impedance measurements
have been carried out in the cell state of before discharge, 1st full discharge (120 mAg-1) and the
60th full discharge (120 mAg-1) for the bare Mn3O4, and all the three hybrid electrodes in the
frequency range of 106 Hz to 0.01 Hz. As shown in Figure 4-11, the impedance indicates different
behaviors at high and low frequency region, which can be described as a semicircle and a sloping
straight line for each behavior respectively. The semicircle ascribed to the high frequency
presents the charge transfer resistance on the electrode/electrolyte interface. The charge transfer
resistance is shown on the intercept between the end of semicircle and the Z´ axis. It can be seen
in the Figure 4-11(a-d) that MRG3 hybrid electrode indicates the lowest charge transfer resistance
and the highest electrical conductivity in the cell state of before discharge and after 1st discharge
compared with the bare Mn3O4, MRG1 hybrid and MRG2 hybrid electrodes. This is due to the
large number of the nanoparticles that enhance the electrode surface area87 and including the rGO
for good electrical conductivity. Therefore, the specific capacity of MRG3 electrode was obtained
higher than the other two electrodes for the initial cycles as seen in above cycling performance,
which is closed to that of bare Mn3O4. However, the charge transfer resistance of the MRG3
electrode has increased a lot after scanning 60 cycles because of and the inhomogeneous
dispersion of the Mn3O4 nanoparticles on the surface of the rGO resulted in increasing diffusion
length of Li ions and low content of rGO in the MRG3 electrode materials. In contrast, the MRG2
and MRG1 electrodes show better electrical conductivity, which providing more stable and
reversible capacity, than that of the MRG3 electrode after 60 cycle since the loading of the rGO
as a conductive support is significantly larger within both electrodes, which significantly enhance
charge transfer. Additionally, regarding Li+ diffusion ability, conduction and capacitive behavior,
the MRG2 is the best candidate as a hybrid anode material for LIBs compared to MRG1 and
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MRG3 due to better uniform cover of the Mn3O4 nanoparticles on the surface of the rGO in the
hybrid material.
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Figure 4-11: Nyquist plots of (a) bare Mn3O4, and all the three hybrid electrodes, and (b) MRG1,
(c) MRG2 and (d) MRG3 at cell states of 1st discharge at 120 mAg-1 and 60th discharge at 120
mAg-1 in the frequency range of 106 Hz to 0.01 Hz.

41

Chapter 5

CONCLUSIONS

5.1 Fabrication of Various Mn3O4/rGO Hybrid Materials
Mn3O4/rGO hybrid materials were successfully prepared by growing nanosized Mn3O4
particles on GO nanosheets through a facile in-situ synthesis and reducing the GO nanosheets
with the nanoparticles by hydrazine in high pH level. In order to demonstrate the synergetic
effects of hybrid materials, Mn3O4 nanoparticles were fabricated with three different loading
ratios on rGO nanosheets. For all three hybrid materials, XRD and Raman revealed the presence
of Mn3O4 and rGO. Furthermore, SEM images showed the formation of Mn3O4 nanoparticles
grown on the rGO nanosheets, which was also shown by TEM images. TEM further revealed the
aggregation of the Mn3O4 nanoparticles and stacking of rGO nanosheets are eliminated with
optimizing mass-loading ratio of the Mn3O4 and dispersion of the nanoparticles in rGO. Based on
these results, only as-synthesized MRG2 hybrid material possessed more homogeneous
distribution of nanoparticles by well covering the surface of rGO.

5.2 Electrochemical Analysis of Various Mn3O4/rGO Hybrid Electrodes
We have studied a comprehensive investigation of the electrochemical performances of
Mn3O4/rGO hybrids as anode material for LIBS. The results clearly showed that the
electrochemical behavior of the Mn3O4/rGO hybrid system strongly depends on the Mn3O4
loading. The as-prepared MRG2 electrode exhibited a high reversible capacity of over 550 mAhg1

after 40 cycles at a current density of 120 mAg-1, which has better reversible capacity value than
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other two electrodes. Besides, the MRG2 electrode retained the specific capacity of 531 mAhg-1
even after cycled over 40 at various current density. In addition to electrochemical behavior of the
MRG2 electrode after long cycling performance, CV and impedance results confirmed the
electrode nearly persevered the reversible capacity, structure and conduction. In this project, it
can be concluded that electron transfer ability from Mn3O4 to rGO and to current collector is
excellently utilized, and higher reversible capacity, excellent cycling performance and rate
capability are obtained for the LIB applications. We believe that this facile study can light the
way for upcoming researches based on metal-oxide/graphene composites as anode materials for
high-performance LIBs.
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