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Abstract 
 

Nanocomposites of exfoliated graphene oxide (EG) and few-layered graphene (FLG) with metal 

oxides are prepared in scalable amounts by easy synthesis approaches. The composites EG/FeO, 

EG/Fe3O4, EG/MnO, EG/MoO2, FLG/A2Mo3O8 (A=Co, Mn and Zn) are synthesized by a novel 

graphenothermal reduction method. The conversion of solid carbon dioxide was followed to obtain 

MgO decorated FLG. Afore mentioned as-synthesized composites are characterized systematically for 

their physical and chemical properties using multitude of characterization techniques. Further, these 

as-prepared composites are used as active materials to make electrodes which are used as anodes in 

coin cell Li-ion batteries. The electrochemical properties of the anode materials are studied by 

Galvanostatic Cycling, Cyclic Voltammetry, Electrochemical Impedance Spectroscopy and 

Galvanostatic Intermittent Titration techniques. All above mentioned composites are found to be 

suitable for anodic application in Li-ion batteries. The composites exhibited excellent specific 

capacities when tested for performance as anode materials in Li-ion batteries.         
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Chapter 1    Introduction 
 

1.1 Li Ion Batteries 
 

Ever since the Li-ion batteries (LIBs) were commercially introduced, they have become an 

integral part of everyone’s day-to-day life [1,2]. LIBs exhibit enhanced specific capacities 

enabling them to power electronic gadgets such as smartphones and laptops. Moreover, LIBs 

are cheaper to manufacture than conventional alkaline batteries such as Pb-acid, Ni-Cd, Ni-

MH etc., batteries which lost their market to LIBs due to the presence of toxic elements like 

Pb and Cd in them, their higher internal resistance and the operational problem like memory 

effect [1]. Figure 1.1 illustrates the importance of LIBs in comparison to other batteries [1]. 

Characteristics like high energy density, light weight, compactness, long lifespan, high power 

capability, high efficiency and eco-friendliness are making LIBs the most promising 

prospectives for developing electromotive automobiles. However safety and cost are the main 

issues that are needed to be addressed. Nonetheless, the technology of LIBs is the most 

efficient and eco-friendly energy storage technology.  

 

 
Figure 1.1. Comparison of gravimetric and volumetric energy densities of various secondary 

batteries. (Adapted with permission from [1]) 
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The ever-increasing stringent demands of battery applications implies that the current 

technology of conventional LIBs need to be re-looked and developed. Current LIBs utilize 

LiCoO2 as the cathode and graphite as the anode. The principle of operation of LIBs lies in 

the shuttling of Li-ions between anode and cathode. During the discharge cycle, de-

intercalation occurs of the lithiated graphite (LiC6) which initiates the transfer of Li+ ions 

from anode to cathode. The electrons flowing through the external circuit perform the work. 

The reactions involved during the discharge cycle are shown in Equs. 1.1–1.3. Since these 

reactions occurring at the cathode and anode are reversible, LIBs can be used for a large 

number of cycles. 

Cathode:  Li1−xCoO2 + x Li+  + x e−  → LiCoO2                                                           (1.1) 

Anode:   LixC6  →  x Li+  + x e− +  C6                                                                             (1.2) 

Overall:  Li1−xCoO2 +  LixC6  ↔  LiCoO2 +  C6                                                             (1.3) 

An electrochemical reaction in a cell takes place as long as change in the free energy given 

by Equ. 1.4 is negative. That is spontaneity of a chemical reaction is the origin of battery’s 

functioning.  

∆G0  =  −nFE0                                                                                                               (1.4) 

where F is the Faraday constant (96,496 coulombs per mole), n is number of electrons 

involved in the reaction, and E0 is the standard potential of the cell. The overall potential of 

the cell Ecell
0  is determined by the electrode potentials of the individual electrodes, the 

cathode (Epos
0 ) and the anode (Eneg

0 ) as shown in Equ. 1.5. 

Ecell
0 =  Epos

0 −  Eneg
0                                                                                                         (1.5) 

The measurable potential of the cell is given by the actual potential difference between the 

cathode and the anode and is related to the standard potential by Nernst equation (Equ. 1.6). 

∆E =  ∆E0 −
RT

nF
ln

ai(A)

ai(C)
                                                                                                    (1.6) 



Introduction 

4 
 

where R is the gas constant, T is the absolute temperature and 𝑎𝑖(C) and 𝑎𝑖(A) are the 

activities of the cathode and anode materials, respectively. The specific capacity Cth of an 

electrode material can be theoretically calculated by using Equ. 1.7. Cth provides the key 

information to develop and/or choose new electrode materials.  

Cth =
N × F × 1000

3600 × M
                                                                                                              (1.7) 

In Equ. 1.7 Cth is the theoretical capacity in mAh g-1, F is the Faraday constant (obtained by 

multiplying electron charge (1.6 x 10-19 C) and Avogadro’s number), N is the number of 

moles of Li+ ions/electrons involved in the electrochemical reaction per mole of the electrode 

material and M is the molar mass of the compound in g mol-1. For example, the theoretical 

capacity of MnO is (96500 x 2 x 1000)/(3600 x 71) = 755 mAh g-1 as 2 moles of Li+ ions are 

involved in the Li storage per mole of MnO. The good reversibility in Li cycling of an 

electrode material is often described by the high capacity retention over a large number of 

cycles and is usually represented as a plot of specific capacity versus cycle number. The 

current rate to test the batteries is often selected depending on the theoretical capacity. For 

example, a current rate of 0.1 C for MnO implies a theoretical capacity of 75.5 mA g-1 which 

means that the current density applied is equivalent to 10 h of discharge or charging time.  

LiCoO2–graphite electrode set delivers low capacity and tends to result in the formation of 

potentially detrimental dendrites while cycling at high current rates. Nonetheless, 

commercially graphite is still the commercial anode material because it offers maximum 

discharging and charging capacities in the voltage range 0.15–0.25 V with a negligible 

hysteresis. However, its shortcomings include low capacities in the range 330–360 mAh/g at 

low current rates (its theoretical capacity is 372 mAh/g) and high capacity fading at high 

current rates. Due to rising demands for high battery capacities, especially for electrical cars, 

it is imperative that research be carried out to develop other anode materials that could make 

up for the disadvantages of graphite while remaining practical and economical. 
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1.2 Ideal Characteristics of an Anode Material in LIBs  
 

An ideal anode material for LIBs (i) must be low in weight, capable of yielding large, stable, 

and reversible gravimetric and volumetric capacities, (ii) must show charge–discharge 

potential as close as 0 V (versus Li metal), (iii) must be neither soluble in electrolyte nor 

chemically reactive with electrolyte species like salt or organic solvents of the electrolyte, 

(iv) must possess good electrical as well as Li-ion conductivity and (v) must be cheaper and 

eco-friendly [2].  

1.3 Graphene as an Anode Material in LIBs  
 

Graphene is an excellent prospective material for various applications owing to its unique one 

atom thick layered structure in which sp2 carbons are bonded into hexagons as-like in basal 

plane of graphite. In fact graphene is nothing but a single basal plane of graphite which is 

built with AB stacking of several thousand individual graphene layers. Graphene can be 

classified as a very unique and superior material than many known materials to mankind by 

its extraordinary properties such as excellent mechanical strength (Young’s modulus ~1 TPa 

and intrinsic strength ~130 GPa) that is 200 times more than steel which ranking it as the 

strongest thin material ever tested by human beings [3,4]. The exceptional electrical (~2.5 × 

105 cm2 V−1 s−1; 10 times >Cu) [3,5-7] and thermal (>3000 W m K−1; twice that of graphite 

or diamond) [8,9] conductivities of graphene makes it very attractive template for various 

electronic and thermal management applications. In addition graphene possess outstanding 

properties like huge theoretical specific surface area (up to 2620 m2 g−1) [3,8], 

semiconducting nature with zero-band gap which can be tuned easily upon applying voltage 

[10], very high transparency to white light (97.7%) [11], chemically inert to many species 

and perfectly impermeable to all species (even gases like H+ can’t pass through its hexagon) 

[12], it behaves like superconductor at room temperature when coupled with Li atoms [13], it 

can behave as spintronic material as well as magnetic material simultaneously [14-16], and  
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capable to show several relativistic quantum mechanical effects like integer and fractional 

quantum hall effects [16-19]. Graphene alone exhibits all the aforesaid properties and 

therefore it is one of the distinguished prospective for electrode applications in 

electrochemical energy storage devices such as Li/Na-ion batteries, supercapacitors etc., [20-

24], besides its potential usage in fuel cells [24-27], electromagnetic shielding [28,29], solar 

cells[24,30,31], transparent, flexible and conducting electrodes for touch screens etc., [32], 

H2 and CO2 storage [33], sensors [34,35], gene sequencing [36], medical diagnostics, drug 

delivery and bio-sensors [37-40], water desalination [41], ultrahigh frequency transistors 

(Giga/Tera FET) [42-44], optical modulators [43-47], electrochromoic switching devises 

[48], anti-bacterial templates [49] and so on.  

Graphene is especially very useful as an anode material in LIBs owing to its characteristics 

listed in the following: 

i. Superior electrical conductivity 

ii. Exceptional mechanical strength 

iii. Chemical inertness towards Li-ions 

iv. High theoretical capacity ranging from 744 to 1116 mAh g-1  

v. Long-term structural stability over continuous Li-insertion and extraction 

vi. In-situ electrochemical exfoliation over long-term cycling 

However, there are disadvantages of graphene as an anode material in LIBs. They are: 

i. Highly reducing nature towards electrolyte molecules 

ii. High Irreversible Capacity Loss (ICL) 

iii. High voltage hysteresis  

iv. Poor cyclic performance 

v. At high current cycling Li-dendrite may form or electroplating takes place 

vi. Low volumetric capacity 
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1.4 Metal Oxides as Anodes in LIBs 
 

Metal oxides (MOs) are another class of materials which have been extensively used as anode 

materials in LIBs. MOs have very high theoretical capacities and exhibit similar experimental 

capacities. Even then most of the MOs suffer from poor electronic conductivity and volume 

changes which limit their practical use. For example, layered MoO3 possess the highest 

theoretical capacity of 1117 mAh g-1 (when MoO3 completely reduces and six Li atoms can 

participate in the conversion reaction) among all the MOs and is capable of showing 

experimental (reversible) capacity up to 1100 mAh g-1 but soon this capacity faded to 750 

mAh g-1 at the 30th cycle [2]. The advantages of various MOs as anode materials in LIBs are 

listed in the following: 

i. High theoretical and experimental capacities 

ii. No Li-dendritic growth or electroplating issue 

iii. No current rates restriction 

iv. No reduction of electrolyte molecules 

v. Very low ICL 

However, there are disadvantages of MO’s as anode materials in LIBs. They are: 

i. Poor electrical conductivity 

ii. High volume changes leads to early stage failures 

iii. Rapid capacity decay  

iv. Poor cyclic performance 

v. High voltage hysteresis and high charging – discharging potentials 

The MOs as anode materials in LIBs are classified into four categories [2] depending on their 

interaction mechanism with Li during the reversible Li-insertion and extraction processes. 

These categories are discussed in the following sections. 
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1.4.1 Intercalation−Deintercalation Mechanism Based MOs 

 

In these types of MOs, Li-ions intercalate into tetrahedral and octahedral voids of 

polyhedrons of MO without any chemical interaction and deintercalation too physically takes 

place. During intercalation volume of polyhedron or unit cell expands but as soon as Li-ion 

deintercalates unit cell should ideally contract back to attain the original volume. However 

the lattice of many oxides collapsed and the material became amorphous upon first extraction 

of Li-ion. The examples of MOs which follow the intercalation−deintercalation mechanism 

are TiO2, VO2, MoO2, MoO3, Nb2O5, Li4Ti5O12 (LTO), MgTi2O5, LiTiNbO5, TiNb2O7, 

LiNbO3, CuNbO3, MgNb2O6, CaNb2O6, LiNb3O8, etc. [2]. Among these oxides, MoO2 and 

MoO3 will change Li-hosting by intercalation to conversion mechanism upon cycling which 

further will either increase or decrease the capacity.     

1.4.2 Alloying−Dealloying Reactions Based MOs 

 

These types of MOs first undergo reduction by Li to form respective metals under 

electrochemical conditions. Subsequently, the metals alloy with Li to form intermetallic type 

compounds. In this case, the best examples are tin based oxides (SnO, SnO2, etc.,). Various 

reports on SnO and SnO2 illustrated that they will undergo series of electrochemical reactions 

as per the Equs. 1.8–1.11.  

SnO + 2Li+ + 2 e− → Sn + Li2O                                                                                      (1.8) 

SnO2 + 4Li+ + 4 e− → Sn +2Li2O                                                                                    (1.9) 

Sn + 4.4Li ↔ Li4.4Sn                                                                                                     (1.10) 

Sn + xLi2O ↔ SnOx + 2xLi+ +2xe− (x ≤ 2)                                                                    (1.11) 

Equations 1.8 and 1.9 are irreversible but as shown in Equ. 1.11, SnOx can be formed out of 

Sn in the presence of Li2O in such a manner that Equ. 1.8 is partially reversible. Other 

examples of oxides which involve in alloying and dealloying reactions are M2SnO4 (M= Mg, 

Mn, Co, Zn), ASnO3 (A = Ca, Sr, Ba, Co, Mg), Li2SnO3, A2Sn2O7 (A = Y or Nd), 
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K2(M,Sn)8O16 (M = Li, Mg, Fe, Mn, Co, In), SnP2O7, LiSn2P3O12, Sn2P2O7, and Sn3P2O8, 

Sb2O3, MSb2O6 (M = Co, Ni, Cu), VSbO4, (M1/2Sb1/2Sn)O4 (M = V, Fe, In), BiSbO4, SbPO4, 

and MSb2O4 (M = Ni or Co), SiO, SiO2, GeO, GeO2, ZnO, CdO, In2O3 etc. [2]. 

1.4.3 Conversion (Redox) Reactions Based MOs 

 

Conversion mechanism involves reversible reduction and oxidation reactions (redox couple) 

of MO according to Equ. 1.12. During the Li-insertion (reduction) metal ion in oxide 

compounds get reduces and oxygen involves itself in Li2O formation. Here, freshly formed 

metal atoms aggregate to nanoparticles which are further surrounded by Li2O phase. Even 

though Li2O is electrochemically inactive, it gets decomposed in the presence of metal 

nanoparticles to form once again MO during Li-extraction (oxidation).   

MO + 2Li + 2 e− ↔ M + Li2O (M = Mn, Fe, Co, Ni, Cu)                                      (1.12) 

There are several examples of conversion type MOs such as MnO, FeO, CoO, NiO, CuO, 

Cu2O, Mn3O4, Fe3O4, Co3O4, Mn2O3, Fe2O3, Cr2O3, MnO2, RuO2, MoO2, MnFe2O4, 

ZnFe2O4, CoFe2O4, NiFe2O4, CuFe2O4, CaFe2O4, Ca2Fe2O5, Ca2Co2O5, LiNiVO4, LiCoVO4, 

LiCuVO4, LiVMoO6, InVO4, Co2V2O7, Ni2V2O7, MnV2O6, Mn(V,Mo)2O6, CoV2O6, 

MnMoO4, CaWO4, CaMoO4, Co2Mo3O8, Mn2Mo3O8, Zn2Mo3O8, SrTiO3, LaFeO3, LaCoO3, 

LnFeO3, FeBO3, Li3BO3, Fe3BO6, Cr3BO6, FeOOH, TiOF2, NbO2F etc. [2]. 

1.4.4 Alloy-Dealloying and Conversion Reactions Based MOs 

 

These types of MOs contains both alloy−dealloying element and conversion (transition 

metal) oxides as a single compound such as Zn2Mo3O8 in which Zn is the alloying element 

whilst Mo phase is conversion oxide as illustrated by Equs. 1.13–1.16. Both conversion and 

alloying−dealloying mechanisms will either take place simultaneously or alloy-dealloying 

gets activated slowly after first conversion upon cycling. This synergistic effect may enable 

Li cycling to yield larger and stable reversible capacities. The main MOs which come under 
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this category are ZnCo2O4, ZnFe2O4, ZnMn2O4, CdFe2O4, ZnV2O4, Co2SnO4, Mn2SnO4, 

Mg2SnO4, Zn2SnO4, Sn(II)C2O4 etc. [2].  

Zn2Mo3O8 + Li+ + e− → Li(Zn2Mo3O8)                                                                           1.13 

Li(Zn2Mo3O8) + 15 Li+ + 15 e−  → 2 Zn + 3 Mo˚ + 8 Li2O                                            1.14 

2 Zn + 2 Li+ + 2 e− ↔ 2 ZnLi                                                                                           1.15 

2 Zn + 2 Li2O ↔ 2 ZnO + 4 Li+ + 4 e−                                                                            1.16 

1.5 Graphene/Metal Oxide Composites as Anodes in LIBs 
 

In the recent past many researchers reported that graphene/metal oxide (G/MO) composites 

[50-52] as anode materials in LIBs can provide an effective way to simultaneously use all the 

advantages of graphene and MO while mitigating almost all the drawbacks associated with 

the individual constituents. In G/MO composites, graphene is expected to offer its excellent 

electrical conductivity to provide superior reaction environment for MO’s electrochemical 

functionality up to the theoretical limits. It is expected that graphene in G/MO composite acts 

as mechanical buffer that will enable the suppression of volume change of MO due to 

lithiation. It also facilitates continuous electrode functioning by avoiding metal or MO 

agglomeration. Thus graphene can resolve the poor electrical conductivity and mechanical 

failure due to volume changes of MOs. In a similar way MOs too contribute to overall 

improvement of composite’s anode functioning by sidestepping Li-electroplating or dendritic 

growth which is the main drawback of graphene when it is cycled at higher current densities. 

Graphene and MO in the composite are expected to form highly conducting network. G/MO 

composites are expected to exhibit high capacity and rate capability and improved cycling 

stability. The details of several studies on G/MO composites relevant to this thesis are 

discussed in Chapter 2 (Literature Review). Some specific details of MOs as anode materials 

in LIBs are given in Annexures. 
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1.6 Problem Definition 
 

In the recent past, researchers worldwide have been working on developing G/MO 

composites and reported several new synthesis methods (please see Chapter 2). However, 

there are no path breaking accomplishments with regards to efficient and scalable synthesis 

methods. For commercialization of graphene and its related materials there is a great need for 

developing high yield material production methods. This thesis work is an outcome of the 

effort to obtain various G/MO composites using a simple and effective novel method named 

graphenothermal reduction (GTR) method. In GTR method, the materials used i.e., Graphene 

Oxide (GO) prepared by Hummers method [53] and various MO precursors are cheap, easily 

available and less toxic while there is no requirement for separate reducing agent because GO 

acts a solid state reducing agent as well as source for exfoliated GO (EG). The simultaneous 

reduction of both reagents as well as exfoliation of GO lead to the formation of EG/MO 

composites in the GTR method which does not require any post-synthesis product 

purification. Due to the innate nature of the synthesis method, GTR method is scalable. In 

this work, MgO decorated Few-layered Graphene (FLG) was also tested as an anode material 

in LIBs. Finally systematic physiochemical and electrochemical studies carried on selected 

materials will be discussed. 

1.7 Thesis Objectives 
 

Based on the literature review (to be presented in Chapter 2), the following main thesis 

objectives were identified:  

 Preparation of GOs by Hummers method. 

 Understanding and controlling the reduction of Fe2O3 by GO to produce EG/Fe3O4 and 

EG/FeO composites. 
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 GTR synthesis, characterization and electrochemical studies of EG/FeO, EG/MnO, 

EG/MoO2, FLG/A2Mo3O8 (A= Co, Mn and Zn) composites and testing of these 

composites as anode materials in LIBs. 

 Understanding Li intercalation and conversion mechanisms by MoO2 in EG/MoO2 

composites 

 Electrochemical analysis and testing of MgO decorated FLG as an anode material in 

LIBs. 

Achieving the above objectives will enable an in-depth understanding on various aspects 

involved in the development of G/MOs composites as anode materials in LIBs. 

1.8 Thesis Overview 
 
The thesis work has been organized into 10 chapters. 1st chapter describes the importance and 

principle of LIBs and the properties of graphene and metal oxides including their importance 

for Li storage. The aims of the present thesis work and thesis outline are given at the end of 

this chapter. In the 2nd chapter literature survey highlighting the recent research in the use of 

graphene/MO composites as anode materials in LIBs has been presented. In the 3rd chapter, 

materials, synthesis methods and all the experimental procedures (which include general 

characterization of materials and electrochemical testing of the material) details have been 

given. 4-8th chapters present the elaborate discussion about various characteristics of different 

G/MO composites synthesized in this work. 4th chapter describes the reduction of Fe2O3 by 

GO in order to evaluate the controlling parameters of the GTR method. 5th, 6th, 7th, 8th and 9th 

chapters describe various characteristics including the anodic application in LIBs of EG/FeO, 

EG/MnO, EG/MoO2, FLG/A2Mo3O8 and MgO decorated FLG composites, respectively. 

Conclusions and future scope w.r.t this thesis work are given in the final (10th) chapter. The 

cited references are included under the heading “References” at the end of each chapter and 

also at appropriate places. Some relevant information has been included under “Annexures”. 
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Chapter 2    Literature Review 
 

2.1 Reduction of Metal Oxides by Carbon 
 

It is a common practice to reduce metal oxides or relevant metal precursors with carbon (at 

temperatures > 600 °C) using a process named carbothermal reduction (CTR) method which 

is also a well adopted method to synthesize electrode (both anode and cathode) materials for 

LIBs. For example γ-LiV2O5 and Li3V2(PO4)3, and Mn2Mo3O8 [1] have been synthesize by 

CTR method at temperatures in the range 600–750 °C. CTR method has also been usd to 

synthesize composites such as carbon coated MOs such as Fe3O4/C [2], FeO/C [3], MnO/C 

[4], MoO2/C [5] etc. In this context it will be intriguing to use GO to reduce metal oxides as 

GO at elevated temperatures is a rich source of both C atoms (at edges and defects) and 

gaseous species like CO which can readily reduce MOs or relevant metal precursors. 

However, it is difficult to imagine GO in place of C as their chemical composition is entirely 

different. Moreoever, predicting the reduction path will be too difficult unless specific 

controlled experiments are carried out with the existing relevant literature as the base. In this 

context, the only instance of GO’s use for reduction was during the solution synthesis of few 

G/MOs composites. In one study both GO and ethanol were collectively used to reduce 

ammonium heptamolybdate to MoO2/GO composite [6]. However, the reaction resulted in 

the formation of MoO3 when GO was not present in the precursor solution. In another work, 

hydrothermal synthesis method was used to obtain VO2-graphene composite by reducing 

V2O5 to VO2 with the use of GO [7]. Similarly, MnO2 nanorods/GO nanocomposite was first 

prepared and then it was clacinated at 600 °C to finally obtain MnO nanorods/graphene 

hybrid material [8]. In another work, GO solution and KMnO4 were reacted to obtain 

MnO/rGO composite. In this work Mn(VI) was transformed to Mn(II) by managing the GO 

to KMnO4 weight ratio. In [8,9], the reducing nature of GO was mainly responsible to obtain 

the final product and therefore GO can be considered as a solid state reducing agent. 
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2.2 Relevent Graphene-MO Composites  
 

2.2.1 Graphene/FeO Composites 

 

Information on usefulness of iron oxides as anode materials in LIBs is given in Annexure 1. 

Synthesis and chemical stability of FeO is very challenging issue as it readily converts to 

either Fe and Fe3O4 or Fe2O3 even at room temperature [10]. FeO can be stabilized by 

anchoring organic capping agents/surfactants like oleic acid (OA) and oleylamine (OAm) etc. 

Preparing carbon coated FeO (FeO/C) [11] composite is another way to stabilize FeO. FeO/C 

composite was prepared by reducing Fe2O3 by carbon (acetylene black, AB). Fe2O3 

nanoparticles and AB were taken in different weight ratios and were then mixed by ball 

milling. The reaction mixture was then heated at 800 °C for 6 h in nitrogen environment to 

obtain carbon coated FeO composite. Different composites were prepared by changing the 

AB ratio from 30 to 70 wt.% in the reaction mixture. 50 wt.% composite performed well as 

an anode material in LIBs. It exhibited a reversible capacity of 510 mA h/g (at 50th cycle and 

100 mA/g) that correspond to 96 % retention [11]. Here it is important to mention that FeO 

alone was used as an anode material in LIBs. It exhibited a reversible capacity of 700 mAh/g 

which faded to 300 mAh/g at the end of 50th cycle at a current density of 150 mA/g [12].  

2.2.2 Graphene/MnO Composites 
 

Information on manganese oxides as anode materials in LIBs is given in Annexure 2. In order 

to overcome the drawbacks (Annexure 2) associated with MnO and improve the cyclic 

performance of MnO based anodes in LIBs, effective approaches like reduction in particle 

size, coating carbon onto MnO and anchoring MnO onto graphene are studied. There are 

reports on the synthesis of MnO/graphene composites involve complex and time consuming 

multi-steps. These works are tabulated in Table 2.1. In addition, some of the chemicals used 

during the synthesis are highly toxic (For example: hydrazine) and explosive (For example: 

Mn(NO3)2). It can also be noted that the processes are mainly solution based and as a result 
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the final yield of the active electrode material is often low and limited to several mg. 

However, all of the materials developed in the works which are listed in Table 2.1 have been 

found to be useful as anode materials in LIBs. For convenience, the detailed lithiation 

characteristics of these materials are compared with those of EG/MnO composites developed 

in this work in Chapter 6. 

 

Table 2.1. Reported synthesis methods of graphene/MnO composites. 

Reference Synthesis Details 

Nano Energy 2014, 

10, 172-180 

The precursor MnO2/GO was prepared by modified Hummers method 

and annealed at 400 °C in N2 for 2 h. 

J Mater Sci 2014, 49, 

1861-1867 

MnO2 nanorods were prepared hydrothermally and mixed with GO 

solution to obtain a solid product that was calcinated at 600 °C for 2 h 

in Ar.  

ACS Appl Mater 

Interfaces 2012, 4, 

658-664 

The solid precursor Mn3O4/rGO was prepared hydrothermally at 200 

°C for 24 h and then heat treated at 800 °C for 5 h under NH3 

atmosphere.  

Electrochim Acta 

2011, 56, 8861-8867 

Solid Mn–GO cakes prepared from GO + Mn(NO3)2 suspensions  and 

heated at 400 °C for 2 h in 5 vol.% H2 atmosphere. 

Electrochim Acta 

2014, 118, 112-117 

GO (to prepare rGO) and rGO/Mn(Ac)2 heated separately at 800 °C 

for 2h under 5 wt.% H2/N2 atmosphere. 

Mater Lett 2012, 84, 

9-12 

rGO prepared at 900 °C for 3 h in Ar whilst rGO/ Mn(NO3)2 were 

heat treated at 700 °C for 5 h in Ar atmosphere. 

J Nanomater 2012, 

2012, 10 

rGO/Mn(Ac)2 was reduced in NH4OH+N2H4 solution to obtain 

rGO/MnOx that was heated at 400 °C for 12 h in 5% H2/Ar flow. 

Electrochim Acta 

2012, 66, 271-278 

Mn3O4/rGO prepared hydrothermally at 200 °C for 24 h heated at 400 

°C for 2 h in N2/H2 flow. 

J Power Sources 

2012, 216, 201-207 

GO + MnSO4 + NH4HCO3 precursor solution was prepared and heat 

treated at 600 °C for 1 h in N2 atmosphere. 

Electrochim Acta 

2014, 132, 441-447   

Precursor solution was prepared by mixing GO and Mn(NO3)2·6H2O 

in distilled water and spray pyrolysis was carried out at 900 °C with 

nitrogen as the carrier gas. 

Adv Funct Mater 

2013, 23, 2436-2444 

A solid precursor was prepared from aqueous solution of GO and 

Mn(CH3COO)2·4H2O that was reduced with hydrazine; further 

reduction was carried out in 5% H2 /Ar atmosphere for 5 h at 500 °C. 
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2.2.3 Graphene/MoO2 Composites 

 

Information on molybdenum oxides as anode materials in LIBs is given in Annexure 3. In 

order to overcome the drawbacks (Annexure 3) associated with MoO2 and improve the cyclic 

performance of MoO2 based anodes in LIBs, several synthetic approaches (Table 2.2, next 

page) have been reported for preparing MoO2 based nanostructures like carbon coated MoO2, 

nitride coated MoO2 and Mo2N nanolayer coated MoO2, GO-MoO2 and graphene-MoO2 

composites. However, easy and sustainable synthesis methods are unavailable to produce 

graphene-MoO2 composites in bulk amounts. Moreover, the composites of MoO2 with 

graphene reported so far are synthesized by various solvent medium assisted methods which 

involve multi-steps and use of toxic chemicals. In addition, solid precursors prepared were 

annealed in H2 and/or C2H2 environments which increases the production cost. Few of these 

methods utilized separately prepared rGO or EG. In some cases reaction time is as long as 24 

h. For convenience, the electrochemical characteristics of these MoO2 based anode materials 

are compared with those of EG/MoO2 composites developed in this work in Chapter 7. 

2.2.4 Graphene/A2Mo3O8 (A= Co, Mo and Zn) Composites 
 

Information on mixed bimetallic oxides (ternary metal oxides) as anode materials in LIBs is 

given in Annexure 4. There are also few reports on graphene-complex metal oxide 

composites as discussed below. However, the synthesis of these materials is typically carried 

out using wet-chemical routes which typically involve the use of hazardous chemicals 

(commonly hydrazine hydrate) and time consuming multi-steps. Moreover, most of the times 

these materials can be used as anode materials in LIBs only after their post-synthesis 

purification. Additionally, yield of the wet-chemical methods is very less. Apart from the 

reports in Annexure 4, reports on the synthesis of graphene/Co2Mo3O8 and 

graphene/Zn2Mo3O8 composites including bare Zn2Mo3O8 are unavailable exclusively for Li 

ion storage application.  
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Table 2.2. Reported synthesis methods of graphene/MoO2 composites. 

Reference Synthesis Details 

ACS Nano 2011, 9, 

7100-7107 

An aqueous solution of GO+H3PMo12O40·xH2O (PMA) reduced 

with Hydrazine hydrate under  sonication for 3 h and thus obtained 

solid product was heated at 500 °C in 5% H2/Ar atmosphere for 5 h. 

J Phys Chem Lett 

2012, 3, 309-314 

GO+(NH4)6Mo7O24·4H2O (AHM) dispersed in ethanol + HNO3 was  

solvothermally treated at 160 °C for 16 h. 

J Phys Chem C 2014, 

118, 24890-24897 

Reaction mixture GO + Ethylene Glycol + Mo Powder + H2O2 

hydrothermally heated at 200 °C for 24 h. (MoO2-GO composite) 

Electrochim Acta 

2012, 79, 148-153 

Precursor was prepared by hydrothermal (pH~1) reduction of GO + 

AHM + ascorbic acid  at 180 °C for 10 h and calcined at 400 °C for 

3 h in argon. 

J Mater Chem 2012, 

22, 16072-16077 

The solid precursor of GO + PMA was heated under 10% H2/Ar 

flow at 500 °C for 2 h. 

J Mater Chem A, 

2013, 1, 5949-5954 

The aqueous solution of GO, dodecanethiol and H2MoO4·nH2O was 

solvothermally heated at 200 °C for 16 h. 

J Mater Chem A, 

2015, 3, 4706-4715 

The mixture of rGO (thermally reduced) and AHM was heated at 

550 C for 2 h under gas mixtures of 5% C2H2 and 95% N2. 

The mixture of rGO (thermally reduced) and PMA was heated at 

550 C for 2 h under N2 flow. 

The mixture of rGO (thermally reduced) and PMA was heated at 

550 C for 2 h under 5% H2/N2 flow. 

J Power Sources 2012, 

216, 169-178 

mixture of GO + AHM + citric acid + poly ethylene glycol heated 

hydrothermally at 180 °C for 26 h under vacuum. 

J Power Sources 2015, 

274, 142-148 

The precursor was obtained hydrothermally at 180 °C for 24 h by 

using solution of GO + AHM + HNO3. Next it calcined at 600 °C 

under N2 flow for 3 h. 

J Power Sources 2015, 

275, 351-361 

Microwave-assisted hydrothermal method at 200 °C and 500 Torr 

for 30 min was followed to prepare solid precursor by using 

aqueous solution of GO+AHM + ascorbic acid. Later it annealed at 

500 °C for 5 h under N2 flow. 

 

There is only one work available on graphene/Mn2Mo3O8 [13]. In this work aqueous solution 

of GO, Mn(OOCCH3)2·4H2O and H3PMo12O40·xH2O was reduced with hydrazine hydrate for 

24 h at room temperature [13]. Stoichiometric mixture of CoMoO4, MoO3 and C (amorphous 

carbon, BET surface area ~230 m2g-1) was heated at 750 °C for 8 h in Ar environment to 

obtain Co2Mo3O8 [14]. Similarly MnO2 precursor was used to synthesize Mn2Mo3O8 [1]. In 
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these works, first time heating did not give the purest form of the materials. The samples 

were grinded and reheated at the same temperatures for reduced time to obtain pure samples. 

Similarly to Co2Mo3O8 and Mn2Mo3O8, Zn2Mo3O8 was prepared by taking ZnO precursor 

[15]. Recently, Li storage properties of graphene-A2Mo3O8 (A = Mn, Fe) composites are also 

reported [16,17]. For convenience, the detailed electrochemical characteristics of the mixed 

bimetallic oxides and graphene-A2Mo3O8 composites are compared with those of 

EG/complex metal oxide composites developed in this work in Chapter 8. 

2.2.5 MgO decorated FLG Composites 
 

The knowledge about burning of magnesium ribbons in dry ice (solid CO2) has been 

demonstrated nearly six decades ago [18]. Burning of magnesium releases sufficient energy 

to breakdown the bonds in CO2 to form MgO and elementary C. In 1978 Jerry A. Driscoll 

predicted that the reaction 2Mg(s) + CO2(g)  MgO(s) + C(s) is thermodynamically feasible 

as the reaction’s formation energy was ∆H = –193.5 kcal mol-1 w.r.t carbon [19]. The 

importance of this reaction was restricted to class room demonstration due to lack of 

physiochemical and structural characterization of resultant carbon. Very recently, it was 

unraveled that the elementary carbon is the most fascinating FLG [20,21]. A close 

observation this material revealed that the material is not pure FLG but MgO decorated FLG 

[21]. Trace amounts of MgO may not be a serious issue for the functioning of LIBs because 

MgO is electrochemically inactive [22-24]. Moreover its adsorbing and liquid electrolyte 

retaining capability [25], function as protective coating and role in enhancing ionic 

conductivity encourages the use of MgO decorated FLG composite as an anode for LIBs [23, 

26-30]. In addition, presence of MgO nanoparticles with surface defects may become 

alternative doping components in FLG which may be a promising solution to stop clustering 

or electroplating and subsequent dendritic growth of Li atoms at the anode of LIBs [31]. 
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Chapter 3    Experimental Work 
 

3.1 Synthesis of Materials 
 

3.1.1 Synthesis of Graphene Oxide 

 

Graphene Oxide (GO) was synthesized from natural graphite (flake size ≤ 47 μm, Nacional 

de Grafite Ltda) using a slightly modified Hummers method [1]. In brief, 1 g of graphite was 

dispersed in 25 mL of concentrated H2SO4 (95-97%, Fluka) in a beaker and stirred about 5-10 

minutes to ensure that the mixture is uniform. Then the beaker with the contents is transferred 

in to an ice bath in order to remove the excess heat generated during the exothermic reactions 

that take place due to the addition of oxidizers. 0.5 g of NaNO3 (Sigma Aldrich, #7664-93-3) 

followed by 3 g of KMnO4 (Sigma Aldrich, #7722-64-7) were then added gradually and after 

thorough mixing, the reaction mixture was stirred at room temperature (RT~25-35 °C) for 30 

min. Subsequently, 50 mL of distilled H2O was added into the solution and then immediately 

the temperature of reaction mixture was raised to 98-100 °C and maintained for 1 h. Next, the 

beaker was filled with large amount of distilled water and then 1 mL of 30% H2O2 (35%, 

Riedel-de Haen) was added and stirred for 5 min. The suspended GO in the solution 

(yellowish solution) was then left to settle down for a few hours before discarding the 

supernatant solution. The beaker was then filled with large amount of distilled H2O and GO 

was then once again allowed to settle down. This step was to allow the soluble salts which are 

the side products like sulphate ions from H2SO4 to get washed out of the mixture so that high 

purity GO could be obtained. The process of sedimentation, discarding the supernatant 

solution, filling up with H2O was repeated several times until the pH of the solution became 7 

to ensure that most unwanted by-products have been completely washed out of the GO 

solution. At this stage, the suspended GO solution is then poured onto a filter paper in funnel 

and the excess water was removed. The residue (GO) on the filter funnel is then left in an 

oven for drying overnight at 80 °C. This step ensures removal of all water content. The 
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schematic representation of GO preparation is shown in Fig. 3.1. Thus prepared GO was then 

grinded into fine powders, ready to be added into the final reaction mixture in appropriate 

amounts. In another independent experiment GO1 was prepared by following aforesaid 

modified Hummers method but in this case concentration of H2SO4 used was 95-98% (Sigma 

Aldrich). Thus prepared GO1 possessed high extent of oxidation than GO and was especially 

used for the synthesis of EG/Fe3O4 composite. 

 

 

Figure 3.1. Schematic representation of GO preparation. 
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3.1.2 Synthesis of EG/MO Composite Materials 

 

The GO discussed in Section 3.1.1 was used in the synthesis of EG/MO composites. GO and 

metal oxide precursors were taken in the required molar ratio as mentioned Table 3.1 and 

were mixed using mechanical milling for 30 min. Molecular formula of GO was adapted as 

C2.2H0.8O1 for molar calculations [2]. The reaction mixture (6 g) was then place in a ceramic 

boat and transferred to tube furnace (Carbolite, UK). Heating was started after flushing out 

the atmospheric air in tube furnace with Ar gas and this flow maintained throughout the 

experiment. Thermal annealing of reaction mixtures was carried out at different temperatures 

as shown in Table 3.1. The heating and cooling rates are 5 ºC min-1. The final product was a 

very smooth and black colored fine powder (~3 g) of EG/MOs which were directly (without 

any further treatment) used for further characterization and electrochemical analysis/battery 

testing. The above mentioned synthesis process was followed to obtain EG/Fe3O4 by using 

GO* (prepared with excess oxidizers, GO1 section 3.1.1) for 2 h heating time. The name of 

the process was names are Graphenothermal Reduction (GTR) process because GO was 

acting like a solid reducing agent in its reaction with the metal oxide precursors. 

 

Table 3.1. GTR synthesis parameters of various EG/MOs composite materials. 

Composite Reaction Mixture Temperature Heating Time 

EG/FeO 2GO+Fe2O3 650 ºC 5 h 

EG/Fe3O4 2GO*+Fe2O3 650 ºC 2 h 

EG/MnO 2GO+MnO2 650 ºC 8 h 

EG/MoO2 4GO+MoO2 750 ºC 8 h 

FLG/Co2Mo3O8 3.5GO+2Co(Ace)2.4H2O+3MoO3 750 ºC 8 h 

FLG/Mn2Mo3O8 3.5GO+2Mn(Ace)2.4H2O+3MoO3 750 ºC 8 h 

FLG/Zn2Mo3O8 3.5GO+2ZnO+3MoO3 750 ºC 8 h 

  *excess oxidized 
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3.1.3 Synthesis of MgO decorated FLG 

 

MgO decorated FLG composite was obtained from Mr. Naresh Kumar Rotte [3] and used as-

received. MgO decorated FLG composite was prepared from dry ice as follows: In brief, 

combustion of magnesium in dry ice and a subsequent simple acid treatment step resulted in 

MgO decorated FLG. Magnesium metal turnings (3 g) were transferred in to circular groove 

made in a dry ice block. This groove was covered tightly from top with another dry ice slab 

immediately when combustion process started upon ignition of magnesium turnings. 

Combustion results in ash-like material which was collected and then dissolved in 1 M HCl 

and kept for stirring for 24 h. Then the resultant material was filtered and subjected to 

multiple washes with distilled water. The washing was stopped when the pH of the solution 

was ~7. The washed material was filtered and dried in oven at 100 ºC for 12 h.  

3.2 Characterization of Materials 
 

3.2.1 Scanning Electron Microscopy 

 

The morphology of materials prepared in this work are studied using field emission scanning 

electron microscope (FESEM) (Model Zeiss Ultra 55) operated at an accelerating voltage of 

5 kV. The samples being conductive in nature they were not coated with any conductive 

materials such as gold or carbon. Energy-dispersive X-ray analysis (EDXA) was used to 

know the elemental composition of the samples.  

3.2.2 Transmission Electron Microscopy 

 

Morphological studies were also carried out by using transmission electron microscope 

(TEM) (Model FEI Technai G2 S-Twin, Type: 5021/20) operated at an accelerating voltage 

200 kV. The electron micrographs were obtained at various magnifications. High resolution 

TEM (HRTEM) mode and selected area electron diffraction (SAED) were used to explore the 

local structural aspects of samples. In addition, EDXA was also carried out in TEM. All 

powder samples mentioned in the present study were dispersed in acetone/ethyl alcohol and 
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bath sonicated for half an hour. Thus prepared specimen solutions were carefully dropped on 

to holy carbon coated copper grids. After proper drying the copper grid with sample was used 

for the examination. 

3.2.3 X-ray Diffraction 

 

The bulk ensemble of microstructural features of powder samples was probed with X-ray 

diffraction (XRD) technique. XRD patterns were recorded at room temperature and in the 

range of 5 to 80° by using Cu Kα as the X-ray source (λ=1.54 Å); Bruker’s AXS Model D8 

Advance System or Philips X’PERT MPD unit, PANalytical system was used to carry out the 

XRD experiments. XRD patterns were used primarily for phase identification and 

quantification of crystallinity. In addition, they are used for determination of lattice 

parameters, space group, crystallite size, degree of crystallinity, etc. In some cases XRD 

patterns were further analysed by using Rietveld refinement via TOPAS (v2.1 and v3.0). 

3.2.4 Raman Spectroscopy 

 

The Raman spectra were recorded using an Nd-YAG 532 nm laser in the back scattering 

geometry in a CRM spectrometer equipped with a confocal microscope and 100× objective 

(1 μm diameter focal spot size) with a CCD detector (Model Alpha 300 of WI Tec, 

Germany). In some cases, Raman spectra (Renishaw Raman system 2000, at National 

University of Singapore) were recorded with auto excitation wavelength and auto confocality 

focussed by 100X objective lens (spot diameter ~1 μm). The Raman spectra obtained by 

using above both instruments were reordered under room conditions. The phase content with 

in the samples was investigated in a spectral region 200–4500 cm−1. 

3.2.5 Fourier Transform Infrared Spectroscopy  

 

The Fourier transform infrared spectroscopy (FTIR) spectra of GO and GO1 were obtained 

with Bruker Equinox 55 FTIR instrument. GOs were pressed into pellets with KBr matrix by 

applying 10 ton of force by using hydraulic press. IR spectra were interpreted in the 
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functional region (4000-1500 cm-1) and the fingerprint region (1500-400 cm-1). Peaks in the 

functional region are characteristic of specific types of bonds, and therefore can be used to 

identify whether a specific functional group is present. Peaks in the fingerprint region arise 

from complex deformations of the molecule. The obtained FTIR spectra of GO and GO1 were 

analyzed for their extent of oxidation in terms of number and kind of functional groups 

present in them.   

3.2.6 BET Surface Area Measurement 

 

Specific surface area and porosity distribution were measured by performing N2 

physisorption at 77 K with Micromeritics (Tristar 3000, USA) using Brunauer–Emmett–

Teller (BET) and Barrett-Joyner-Halenda (BJH) multipoint methods. Samples were preheated 

under N2 flow for 1 h at 180 °C. To record isotherms of N2 adsorption and desorption, NTP 

conditions were maintained around sample holder while a mixture of He and N2 gases was 

flown-in according to the dynamic (flowing gas) technique. The adsorption and desorption 

isotherms data, specific surface area, pore size and volume, were imported to an excel sheet 

by automated computer programme attached to Micromeritics instrument. 

3.2.7 X-Ray Photoelectron Spectroscopy  

 

X-ray photoelectron spectroscopy (XPS) was carried out to understand different oxidation 

states of individual elements and their possible bonding with other species present in the 

composites. Binding energy values are evaluated using XPS using an AXIS ultra DLD 

spectrometer (Kratos Analytica) with monochromatic AlKα radiation. Casa XPS software 

was used to analyze XPS data. Survey spectra are obtained in the energy range 0–1200 eV. 

Charge referencing was carried out against adventitious carbon C (C1s binding energy = 

284.6 eV). Further, the bonding possibilities were understood from deconvolution of 

individual high resolution spectra of M3d or 2p (M=metal), O1s and C1s etc. by using 

PeakFit (version 4.05) software.   
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3.2.8 Thermogravimetric Analysis 

 

TA Instruments (SDT-2960 Simultaneous DTA-TGA) was used for the Thermogravimetric 

Analysis (TGA) of samples weighing ~10 mg in air or N2 atmosphere. TGA of GO, GO1 and 

corresponding reaction mixtures GO+MO and GO1+MO (where MO stands for metal oxides) 

was performed in the range of 25 to 1000 °C at a heating rate of 5 °C min-1 in N2 

environment in order to understand the reduction process as well as to identified minimum 

temperatures required for obtaining desired composition of composites. In addition, TGA of 

GO, GO1 and final products too were performed in the same temperature range as mentioned 

above in air at a heating rate of 10 °C min-1 in order to calculate the individual weight 

contents in the composites. 

3.3 Li Ion Battery Testing 
 

3.3.1 Coin cell fabrication 

 

Electrochemical properties of the different electrode materials used in this study were 

investigated by preparing coin cells (type 2016; 20 mm diameter and 1.6 mm height).  The 

coin cell fabrication involves mainly the following steps: a) preparation of electrodes of 

material in the form of coating onto a conducting thin foil like etched Cu and b) assembling 

the electrode into a coin cell. The details of these processes are described in the following 

paragraphs: 

Using the synthesized graphene based compounds as the active material, polyvinylidene 

fluoride (PVDF) as a polymer binder (Kynar 2801), and Super-P carbon (ENSACO, MMM 

Super P, 230 m2g-1) as a conductive additive in the weight ratio of 70:15:15, and N-Methyl-2-

pyrrolidone (NMP) as an organic solvent (Alfa Aesar), the anodes were fabricated by 

grounding the Super-P carbon and the anode material until they became fine powders. Super 

P-carbon was used for its high purity and surface area, and it improves the electrical 

conductivity of the compound. Next, PVDF was added in the mass ratio stated above, 
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together with the compounds into separate clean vials. PVDF not only brings in its 

piezoelectric effect to accumulate electrical charge, but its inert chemical nature over the 

potential range used will not react with Li or electrolyte used later, unlike other types of 

copolymers. Next, NMP was added till the slurry was of an appropriate consistency (approx. 

3/4 of dropper). The NMP solvates the mixture, and will disperse the EG/RMO powders, 

super P carbon and binder thoroughly. It is a good choice to create a homogenous mixture, 

due to its low toxicity, volatility, and flammability. A clean magnetic stirrer was placed in the 

vial and left on a magnetic stirring plate overnight, which further ensures a uniform slurry 

being made, hence allowing the synthesized electrodes to be uniform too. After that, the 

slurry was used to coat onto an etched copper foil (Shenzhen Vanlead Tech. Co. Ltd, China) 

whose thickness is 10 μm, which will serve as a current collector. Copper was chosen over 

other materials as it does not affect or take part in reactions taking place at the anode. Doctor 

blade technique was used to coat the electrode uniformly with a slurry thickness of 25μm. 

The foil was then placed in an oven at 80 °C overnight. A twin roller machine (Soei 

Singapore Scientific Quartz Co.), applying 1500 kPa of pressure, was used to press the coated 

copper foil to increase contact between composite material and copper foil. The foil was then 

punched into discs with a 16 mm diameter (2.0 cm2 geometric area) using an electrode cutter. 

Discs with the most uniform coating of the anode material were selected and weighed. The 

mass of the copper foil (0.0195 g) was subtracted from the reading and the value was then 

multiplied by 70% (as per the mass ratio above). The active material content in the electrodes 

was around 2-6 mg. The electrodes were then placed in a vacuum oven overnight to 

completely dry. After drying in vacuum oven electrodes were used as anodes to fabricate coin 

cells as discussed in the next paragraph. 

Coin cells were assembled in an Argon filled glove box (MBraun, Germany) with O2 and 

H2O level maintained below 1 ppm. Li metal (Honjo Metal Co., Japan) foil (0.5 mm 
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thickness) that cut into 16 mm diameter disk as counter electrode. Glass microfiber filter 

(GF/F, Cat No. 1825 055, Whatman Int. Ltd., Maidstone, England) or Celgard (2502) 

polypropylene microporous membrane was used as the separator. The 1M LiPF6 in ethylene 

carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) was 

used as electrolyte.  

The composite electrode was placed in the bottom cup of coin cell (stainless steel) with the 

active material facing upwards and the separator was placed above the electrode. Then ~10-

20 µL of the liquid electrolyte was added to wet the separator, followed by placing lithium 

metal and the top cap welded with a wave spring (stainless steel). Finally, the coin cells were 

assembled by crimp sealing in a mechanical hand press. A plastic O-ring was used to prevent 

the direct contact of cathode and anode which can result in self short-circuiting of the cell. It 

also provides air tight sealing of the cell. A schematic diagram for the coin cell assembly is 

shown in Fig. 3.2. The fabricated coin cells were aged for 12 h for good percolation of 

electrolyte into the electrode materials before subjecting to electrochemical studies. 

 

Figure 3.2. Schematic of coin cell assembly. 

 

3.3.2 Galvanostatic Cycling 

 
Galvanostatic cycling or constant current cycling of the fabricated batteries was carried out 

by using a computer controlled Bitrode multiple battery tester (model SCN, Bitrode, USA). 

All batteries were tested at room temperature after eight hours of relaxation after their 
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punching. The coin cells were tested in the voltage range of 0.005–3.0 V and current densities 

ranging from 50 mA g-1 to 2000 mA g-1. Capacity values, cyclic performance, stability etc. of 

the materials were investigated by carrying out the lithium cycling for a fairly large number 

of charge-discharge cycles (say 50 cycles minimum). 

In typical galvanostatic cycling test, the lithiation or de-lithiation capacity of an electrode 

material of the cell can be calculated as a function of time taken for either to charge or 

discharging the battery to a particular voltage and constant current applied to the cell as 

expressed by Equ. 3.1. The product of the applied current (in ampere) and the time taken (in 

hours) for the complete lithium insertion /removal is the total charge (in mAh) stored or 

released by the material and is termed as the capacity of the electrode material. The capacity 

obtained per unit mass of the active material is termed as specific capacity (Cs): 

Cs =
I×t

m
                                                                                          (3.1) 

where Cs is in mAh g-1, I is the current applied in mA, t is the time taken for complete 

discharge/charge in hours and m is the mass of active material in grams. The specific capacity 

of an electrode material can be theoretically calculated by the Equ. 1.7 (Chapter 1). 

Appropraite current rates for testing the batteries have been chosen (please see Section 1.1). 

Capacity retention for each case has been calculated. 

3.3.3 Cyclic Voltammetry 

 

The electrochemical readiness of the materials for lithiation was carried out with Cyclic 

Voltammetry technique by employing a computer controlled Mac-pile system (MacPile II, 

Biologic, France). Cyclic voltammograms of the electrode materials recorded by testing 

respective coin cells at a scan rate of 58 µV s-1. The cells were tested in the voltage range of 

0.005–3.0 V at room temperature and after relaxing the coin cells for eight hours. The current 

(I) at the working electrode is plotted against the applied voltage (V) to obtain the cyclic 

voltammogram of the analyte. The potential applied (between the reference electrode and the 
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working electrode) to the coin cell was ramped at a constant rate 58 µV s-1 starting from open 

circuit voltage (OCV) of coin cell to 0.005 V. The voltage was ramped in both forward (to 

3.0 V) and backward (to 0.005V) directions for certain number of cycles and hence the name 

cyclic voltammetry. By IUPAC convention, the anodic current is positive and the cathodic 

current is negative. As the potential was swept back and forth, a current flown through the 

electrode that either oxidizes (anodic scan)/reduces (cathodic scan) the analyte and the 

corresponding current (I) between the working electrode and the counter electrode was 

measured and plotted against the potential. Thus obtained current peaks at particular voltages 

were used to understand and confirm the type of lithiation mechanism such as intercalation, 

conversion etc. For example, strong current redox peaks in the range 0.15–0.25 V in CV 

curves of graphite arise from Li’s intercalation and de-intercalation into Van der Waal gaps 

of graphite through prismatic surfaces [4].  

3.3.4 Electrochemical Impedance Spectroscopy 

 

Electrochemical Impedance Spectroscopic (EIS) measurements of  the coin cells were done 

with a Solartron impedance/gain-phase analyzer (model SI 1255) coupled with a potentiostat 

(SI 1268) at room temperature in the frequency range 0.18MHz to 0.003 Hz with an AC 

signal amplitude of 10 mV. The impedance data were analysed using Z-view software 

(version 2.2, Scribner Assoc., Inc., U. S. A.). The frequency dependent impedance of various 

electrode materials in the present study was obtained at various states of batteries i.e. at OCV, 

discharged to 0.005 V and charged to 3.0 V. Thus obtained data was plotted as Nyquist plots 

in which impedance data fits to a semicircle in the higher frequency range and a 45° inclined 

straight line in the lower frequency region in general [5]. Further, the impedance data was 

modeled for its equivalent circuit (combination of resistances, capacitances etc.) and values 

of various circuit elements were known by using Z-view software. Thus obtained equivalent 

circuits and their component values were used to analyze in details the kinetic and 
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mechanistic information about lithiation and de-lithiation process and the corresponding 

consequences.   

3.3.5 Galvanostatic Intermittent Titration Technique  

 

To calculate Li-diffusion coefficients of electrode materials Galvanostatic Intermittent 

Titration Technique (GITT) was used. GITT of coin cells was carried out by using a 

computer controlled Bitrode multiple battery tester (model SCN, Bitrode, USA). A discharge 

pulse of 50 mA g-1 is applied to the battery to discharge it to selected voltage and was 

subsequently allowed to rest for 5 h. Similar test was done during charging process as shown 

in Fig. 3.3. Next, diffusion coefficient (DLi) for each discharge and charge pulse was 

calculated by using the Equ. 3.2 [6,7].  

 

 

Figure 3.3. (a) GITT curve vs. time during discharge and charge at 50 mA g-1, (b) and (c) are 

typical discharge and charge pulses respectively. 

 

DLi =
4

πτ
(

mB Vm 

MB A
)

2

(
∆Es

∆Eτ
)

2

, (𝛕 << L2 / DLi)                                                                              (3.2)  
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In Equ. 3.2 𝛕 is the duration of the current pulse (in sec); mB is the number of moles (in mol) 

of the active material, MB is molecular weight of the active material (in g) and Vm is the 

molar volume of the electrode (in cm3/mol), A is the electrode/electrolyte contact area (in 

cm2), ∆Es is the steady-state voltage change due to the current pulse and ∆Eτ is the voltage 

change during the constant current pulse.  
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Chapter 4    GTR Mechanism: Reduction of Fe2O3 by GO as a 
Case Study 

 

The degree of oxidation (DO) of GO was found to play a key role (in addition to temperature 

and heating time) in controlling the reduction of Fe2O3 by GO. GO with low DO follows 

conventional three stage reaction path ꞌ2GO+Fe2O3
IEG/Fe3O4

IIEG/FeOIIIEG/Feꞌ at 

temperatures 650 and 750 ̊C depending on heating time. Whereas the GO with higher DO 

ceased reduction at stage I i.e. formation of EG/Fe3O4 only at 650 ̊C for 2 to 8 h of heating 

time and similar result is expected even at high temperatures like 750 ̊C by careful 

observation of TGA analysis. The rate of burning of GOs is found responsible for different 

reduction processes. The highly oxidized GO burnt rapidly than less oxidized GO and 

restricted its reducing nature to stage I because in-situ reaction environment created poor 

contacts between EG and Fe3O4. On the other hand slow burning of GO made it capable of 

continuing reduction to stage II and further to stage III depending on time of heating and 

temperature owing to good contacts between EG and reduced iron oxides. 

 

Fe2O3 is very complex and sensitive in nature and therefore to control its reduction either by 

solid state (carbon) or gaseous (H2, CO etc.) reducing species is difficult. Reduction of Fe2O3 

by GO is totally different than the typically reduction process because GO offers its carbons 

while gaseous species are produced during the thermal treatment i.e., both solid and gaseous 

state reduction is possible in one go. In such circumstances it is difficult to control the 

reduction process and end product may be Fe3O4 or FeO or a mixture of both. It is therefore 

intriguing to understand the controlling parameters for reduction of Fe2O3 by GO such that 

desired iron oxides or their EG composites are produced in scalable amounts. In this regard, 

DO of GO, heating time and temperature are the controlling parameters for the reduction of 

Fe2O3 by GO. The end product can be EG/Fe3O4, EG/FeO and EG/Fe composites.    

XRD patterns of graphite, GO1 and GO2 (please see Annexure 5 for the preparation of GO1 

and GO2) are shown in Fig. 4.1(a). Graphite has shown a sharp and intense peak at 26.5° that 

corresponds to reflection from highly ordered (002) basal planes. This peak in GO1 and GO2 
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appeared to be shifted to 13.4° and 10.4°, respectively as a consequence of various functional 

groups anchored to basal planes. The observed peak shifting is equivalent to an increase in 

the inter-planar distance to 0.66 nm in GO1 and 0.85 nm in GO2 when compared to 0.34 nm 

in graphite. The observed increment in inter-planar distance signifies that the basal planes of 

GO2 are populated with more number of functional groups than GO1. Based on the XRD and 

XPS (Fig. 4.2) inferences [1,2] DOs of GO1 and GO2 are calculated as 48 and 63, 

respectively which are in well agreement with reported values [2].  

 

Figure 4.1. (a) X-ray diffractograms of Graphite, GO1 and GO2, (b) FITR transmittance 

spetra of GO1 and GO2, and (c) Raman scattering spectra of Graphite, GO1 and GO2. 

 

The type of functional groups contributed to oxidation of GO1 and GO2 are elucidated by 

FITR spectra as shown in Fig. 4.1(b). GO1 contained strong absorption bands corresponding 

to functional groups C=O at 1723.7, C=C at 1621.7, C–OH at 1400.8, C–O–C at 1220.9 and 
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C–O at 1055.1 cm-1 whilst respective bands in GO2 are found at 1719.4, 1577.8, 1430.5, 

1162.8 and 1059.4 cm-1 in addition an extra O=C–OH band was found at 1637.3 cm-1 [1-8]. 

In the case of GO2 the absorbance of C=C band has been observed to decrease whereas 

absorbance of C–O band has been observed to increase in comparison to the same in the case 

of GO1. Further, in GO2 the regions of C–OH and C–O–C bands have been split into two or 

three sub-bands owing to increase in their number as well as addition of new functional 

groups [3,5,8]. These FTIR inferences are an indication for increased oxidation in GO2 in 

good agreement with XRD results. 

Raman spectroscopy results showed that DO has no influence on the positions of D and G 

bands (which are found at typically at ~1350 and ~1588 cm-1) in both GO1 and GO2 cases as 

shown in Fig. 4.1(c). No change in G-band’s position signifies that even though OD was 

increased by 15% there are no considerable new in-plane sp3 carbon atoms in basal planes of 

graphene sheets [1,3]. This inference implies that basal planes in both GO1 and GO2 are 

anchored with similar and same amount of functional groups despite of increased DO and 

further indicates that DO increased due to attachment of more functional groups at edges and 

defect sites rather than in-plane. But increased DO influenced the D-band’s intensity which 

decreased in good agreement with the reported work [3]. The significant decrease in intensity 

of D-band in GO2 relative to GO1 also indicates that high extent of oxidation took place [3]. 

Another important inference provided by Raman scattering analysis is the low discernablility 

of 2D-band (in both GO1 and GO2 cases) which is an indication for complete stacking 

disorder along the crystallographic c-axis [3,9]. Discernability is pretty low in the case of 

GO2 when compared to GO1 case, which is an evidence for high OD in GO2 [3,9].  

Figures 4.2(a) and (b) show the high resolution C1s spectra of both GOs. The spectra in both 

the cases appear similar but peaks pertainint to GO2 are more intense than those pertraining 

to GO1 which is an indication for increased oxidation. C1s spectrum of GO1 could be 
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deconvoluted into five peaks which correspond to C=C (sp2 C) centered at 284 eV, C–C/H 

(sp3 C) centered at 284.8 eV, C–OH centered at 285.7 eV, C–O–C centered at 287 eV and 

C=O centered at 288.7 eV whereas C1s spectrum of GO2 could be deconvoluted too into five 

peaks which correspond to C–C/H centered at 284.8 eV, C–OH centered at 285.7 eV, C–O–C 

centered at 287 eV, C=O centered at 288 eV and C–OOH centered at 289 eV [1,3,4,10,11]. 

The absence of C=C signal, appearance of –COOH signal, increased intensity count of C–OH 

and C–O–C peaks clearly indicate that GO2 oxidized more than GO1. These observations are 

in tune with the inferences from FTIR spectroscopy studies.  

The nature of remnants (EGs) of GO1 and GO2 after burning in the presence of Fe2O3 (in 

reaction mixtures) is studied by probing C1s spectra of EG/FeO and EG/Fe3O4 which are 

prepared under controlled conditions (at 650 ̊C and 5 h of heating time). The obtained C1s 

spectra (Figs. 4.2(c) and (d)) revealed that both EGs possessed residual functional groups in 

proportion to their predecessors GO1 and GO2. It is common to have residual functional 

groups such as hydroxyl (–OH), epoxide (C–O–C) and keto (C=O) which are proven to be 

sustained up to minimum lower temperature of 700 ̊C [4-6,8-13]. In brief, the C1s spectrum 

of EG/FeO was deconvoluted into four peaks centered at 284.8, 285.3, 286.2 and 287.5 eV 

which correspond to graphitic carbons  in sp2 and sp3 bonding modes, carbons bonded to 

hydroxyl and epoxide  groups, respectively in comparison to the C1s spectrum of GO1 (Fig. 

4.2(a)). In addition to the peaks at 284.1, 285.1, 286.1 and 287.4 eV, there is an additional 

peak at 288.6 eV that corresponds to carbon bonded to oxygen (keto groups) in the case of 

C1s spectrum of EG/Fe3O4 (Fig. 4.2(d)) that too is in proportion and comparison to GO2 

(Fig. 4.2(b)). Thus overall XPS study is in good agreemenr with XRD, FTIR and Raman 

analysis. 
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Figure 4.2. XPS spectra of C1s in GO1 (a), GO2 (b), EG/FeO (c) and EG/Fe3O4 (d). 

 

TEM observations of GO1 and GO2 are found to be in well accordance with XRD, FTIR, 

Raman and XPS inferences. As shown in Fig. 4.3, GO2 is found to be more (semi) 

transparent than GO1which is an indication for higher oxidation. The SAED disordered ring 

pattern depicted for GO1 sheet signifies it as well oxidized compared to typical regular 

hexagon pattern of graphite. The ring pattern comprised of doublet and triplet atomic 

projections in the case of GO1. This is an indication for the presence of more number of 

graphene layers (basal planes) those are folded, crumpled etc. On the other hand GO2’s ring 

pattern formed with blurred singlet atomic projections that signify that it is built-in with less 

number of graphene layers in comparison to GO1. Another inference it gives is that the basal 

plane is not much disordered [13] i.e., it possess less functional groups in strong agreement 

with Raman inferences. The elemental mapping showed that GO1 and GO2 possess O/C 

atomic ratio 0.408 and 0.625 which is again an indication for increased oxidation in GO2.       
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Figure 4.3. TEM images of (a) GO1and (b) GO2 with insets showing their SAED patterns. 

 

The temperature dependent weight loss characteristics of both GOs and their corresponding 

reaction mixtures are studied in order to correlate with the reduction process. To bring more 

clarity about thermal decomposition, first order derivative of weight losses is plotted as 

shown in Figs. 4.4(a), (b), (d) and (e). GO1 showed two clear peaks centered at 179 ̊C (peak 

1) and 592 ̊C (peak 2) that are representative of the breakup of functional groups and loss of 

carbon atoms, respectively from basal planes [5-8,10,12]. These two peaks are found to be 

centered at 197 and 549 ̊C, respectively in the case of GO2 (Fig. 4.4(b)). It is noteworthy that 

area under peak1 of GO2 is greater than that of GO1 due to loss of more functional groups. 

This is in good agreement with XRD, FTIR, Raman and XPS inferences. The area under peak 

2 of GO1 is greater than that of GO2 which is an indication for sublimation of more 

backbone carbons from GO1 than from GO2. The weight loss features of reaction mixtures 

(RM1 = GO1+Fe2O3, Fig. 4(d) and RM2 = GO2+Fe2O3, Fig. 4.4(e)) appeared as a replica of 

individual GOs’ characteristics with slight broadening of peaks 1 and 2. In case of RM1, 

peaks 1 and 2 are centered at 189 and 499 ̊C respectively, whilst in the case of RM2 they are 

centered at 194 and 492 ̊C, respectively. In addition, RM1 differs from RM2 by an extra 

small plateau type peak 3 centered around 680 ̊C. The combine plotting of TGA curves of 

GOs clearly showed that GO2 burnt rapidly at slightly lower temperatures (20–50 ̊C less) 
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than GO1 as shown in Fig. 4.4(c). Corresponding reaction mixtures too have shown similar 

weight losses but difference between maximum weight losses widened by 100–200 ̊C as 

shown in Fig. 4.4(f). In all four cases initial incomplete weight loss derivative peaks can be 

accredited to the evaporation of water molecules preferably from GOs [5-8,10,12]. Now it is 

obvious that the weight loss (peak 1 related) in both RMs is contributed by GOs alone by 

giving up functional groups. But RM1 lost its maximum weight in between 500 and 750 ̊C 

(peak 2 and 3) that corresponds to the reduction of both GO1 (exfoliation to EG) and Fe2O3 

as well as subsequent formation of iron oxides like Fe3O4 and FeO. A considerable weight 

loss around 570 ̊C (peak 2) is a good enough evidence for the formation and stabilization of 

FeO. Further weight loss might be plausibly reduction of FeO to form Fe (peak 3). Thus 

overall weight loss may represent the conventional three stage reduction path according to 

equation 2GO+Fe2O3
IEG/Fe3O4

IIEG/FeOIIIEG/Fe. On the other hand RM2 possesses 

its maximum weight loss below 500 ̊C (peak 2) which corresponds to formation of only 

Fe3O4 as temperature is not enough to form FeO and Fe (which is consistent with XRD 

findings). In this case, reduction process may have been plausibly ceased at stage I i.e. 

Fe2O3
IFe3O4 for the reason that a feeble weight loss is observed between 500 ̊C and 

1000 ̊C. To know more about the type of iron oxides formed in the vicinity of peak 2 (as 

functional groups are released at peak 1 could be less effective in reducing Fe2O3 for the 

reason that the reaction temperature is less than 200 ̊C) XRD studies were carried out. X-ray 

diffractograms of heat-treated RM1 and RM2 at different times and temperatures are 

considered for pin-pointing the reduction process by knowing the types of iron compounds 

retained as shown in Figs. 4.5(a) and (b). In order to correlate to the inferences of TGA and 

good exfoliation of GO (above 600 ̊C [4-6,8-13]), the structure of end products of RMs at 650 

and 750 ̊C are probed as shown in Fig. 4.5. At these temperatures, the type of reducing 

species (CO and C mainly) and their participation in reduction of Fe2O3 is well-known. 
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Figure 4.4. TGA of GOs and corresponding reaction mixtures at 5 ̊C min-1 heating rate in N2. 

 

 

Figure 4.5. Effect of temperature and heating time on the structure of RM1 (a) and RM2 (b). 

 

As shown in Fig. 4.5(a), at 650 ̊C RM1 showed the co-existence of Fe3O4 and FeO for 2 to 4 

h of heating whilst 5 h of heating looks like the optimal heating time to retain pure FeO 

phase. Further prolonged heating say 6 h or more lead to the formation of Fe out of FeO. 

Similarly increase in the reaction temperature to say 750  ̊C lead to the direct formation of Fe 

which is an indication for rapid reduction. On the other hand at 650 ̊C, RM2 contained pure 

Fe3O4 even for 2 h of heating. Thus formed Fe3O4 phase has been found intact upon 

prolonged heating say up to 8 h as shown in Fig. 4.5(b). Further, it can be expected that Fe3O4 
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phase could be retained even for higher temperatures beyond 650 ̊C as there is no significant 

weight loss as observed in TGA curve of RM2. Thus, the overall XRD findings are consistent 

with TGA analysis.  

Morphology investigation of EG/Fe3O4 and EG/FeO composites that are prepared at 650 ̊C 

by heating for 2 and 5 h, respectively revealed the plausible causes for the already discussed 

XRD and TGA observations. Figures 4.6(a-c) show FESEM micrographs of EG/Fe3O4 

composite with poor contacts between EG and Fe3O4 nanoparticles. This situation might have 

arisen due to rapid burning of GO i.e., its rapid exfoliation to form EG and the fast gust of 

various gaseous species those degasing from EG due to decomposition of various functional 

groups could be collectively pushed freshly and formed Fe3O4 particles away from contacting 

EG. Otherwise the topographic nature of EG does not readily allow freshly formed Fe3O4 

particles to accommodate on it. Thus formed lose contacts between EG and Fe3O4 clarifies 

that why the reduction process stopped at stage I even for 2 to 8 h of heating time and 

negligible weight loss of RM2 beyond 500 ̊C as observed in TGA analysis. Plausibly highly 

oxidized GO loses its functional groups rapidly around 500 ̊C (within 20 min from 400 to 

500 ̊C) to form various gaseous species including H*/CO which might have simultaneously 

reduced Fe2O3 to Fe3O4 along with carbon atoms that are in contact with EG prior to 

exfoliation. As observed in TGA after 500 ̊C no more weight loss of reaction mixture means 

neither gaseous species nor carbon atoms are available for reduction as the temperature and 

time of heating increased in agreement with XRD results. Thus, further reduction either by 

gaseous or solid state reducing agents ceases and EG/Fe3O4 may retain for prolonged 

annealing times and even at high temperatures. On the other hand Fig. 4.6(d) shows existence 

of EG flakes and FeO particles together in a manner that they are tightly adhered with each 

other in EG/FeO composite. A close observation of FeO nanoparticles where they appear 

more aggregated visualizes their rough surface finishing along with presence the of small EG 
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flakes as shown in Fig. 4.6(d). This situation might be possible as a consequence of relatively 

slow burning of GO1 in comparison to GO2, which exfoliates slowly and releases less 

gaseous species compared to GO1 and provides good contacts between reduced iron 

compounds and EG throughout the heating time and temperatures as observed in XRD and 

TGA studies. In contrast to FeO, Fe3O4 particles possessed very smooth surface finish and 

there is no sign of EG’s presence in between them as shown in Figs. 4.6(a-c). 

 

 

Figure 4.6. (a-c) show EG and smooth surface finished Fe3O4 nanoparticles well isolated and 

poor contacts between them in EG/Fe3O4-650 ̊C-2h; (d) shows the existence of EG flakes and 

rough surface finished FeO nanoparticles together in EG/FeO-650 ̊C-5h. 

 

Close examination of individual iron oxides particles using TEM and HRTEM as shown in 

Fig. 4.7 revealed that FeO particles are either wrapped or covered by FLG (Figs. 4.7(a-b)) 

whilst Fe3O4 particles are in their purest form (Figa. 4.7(c-d)). Here, in-situ stabilization of 

FeO particles will be achieved when they are either wrapped or covered by FLG during either 

heating or cooling. Nonetheless, it is known that FeO phase readily converts back either to 

Fe3O4 or Fe2O3. Thus EG or FLG acts like a protecting layer to FeO similar to carbon coating 
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or organic surfactants. Combined morphology observations of FESEM and TEM suggest that 

reduction process in RM1 continued through all stages i.e., 

2GO1+Fe2O3
IEG/Fe3O4

IIEG/FeOIIIEG/Fe depending on time of heating and 

temperature owing to good contacts between iron oxides and EG whilst in RM2 reduction 

stopped at stage II i.e. 2GO1+Fe2O3
IEG/Fe3O4 for all the considered heating times and 

even for all temperatures above 500 ̊C as illustrated by XRD and TGA analysis. 

 

 

Figure 4.7. HRTEM images of (a–b) EG/FeO-650C-5h and (c–d) EG/Fe3O4-650C-2h. 

Further, post synthesis XPS studies of EG/FeO and EG/Fe3O4 those prepared at 650 ̊C and 5h 

heating corroborated with the XRD studies. Fe 2p spectrum pertaining to EG/FeO looks 

similar to that of EG/Fe3O4 (pure Fe3O4) owing to the presence of trace amounts of Fe3O4 
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phase in it. But they mainly differ in their peak positions as shown in Figs. 4.8(a) and (c). The 

binding energies of characteristic doublet of Fe 2p in EG/FeO are found 1 eV lesser than 

EG/Fe3O4 in agreement with the available reports [14-18]. The positions of 2p3/2 and 2p1/2 

peaks are centered at 710 and 723.8 eV, respectively in the case of EG/FeO those are 

matching well with reported values of Fe2+ in FeO [14-19]. The respective peaks in EG/Fe3O4 

are found centered at 711 and 724.7 eV, consistent with Fe2.5+ in Fe3O4 [19,20]. Moreover the 

absence of satellite peak(s) in-between 2p3/2 and 2p1/2 doublet is an indication for complete 

conversion of starting Fe2O3 to either FeO or Fe3O4 [15-18,20]. Further, O1s spectra (Figs. 

4.8(b) and (d)) show peaks at 530.1 and 530.4 eV pertaining to EG/FeO and EG/Fe3O4, 

respectively that are linked to oxygen directly bonded to Fe in lattices of FeO and Fe3O4, 

respectively [20,21]. The other two peaks at 531.8 and 533.3 eV correspond to oxygen 

present in the residual functional groups of EG and adsorbed moisture, respectively [21]. 

 

Figure 4.8. High resolution XPS spectra of Fe 2p (top left) and O1s (top right) in EG/FeO 

and Fe 2p (bottom left) and O1s (bottom right) in EG/Fe3O4. 
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Chapter 5    EG/FeO Composite 
 

Graphenothermal Reduction process is used to obtain exfoliated graphene oxide (EG)/iron 

(II) oxide (FeO) composite. Structural and compositional analyses of the sample confirm the 

formation of EG/FeO composite. This composite shows a reversible capacity of 857 mAh g-1 

at a current rate of 50 mA g-1 in the voltage range 0.005-3.0 V versus Li. An excellent 

capacity retention up to 60 cycles and high coulombic efficiency of 98% are also observed. 

Characteristic Fe2+/0 redox peaks observed in Cyclic Voltammetry measurement are 

explained in correlation with lithium storage mechanism. Thermal, electrical and impedance 

spectroscopy studies of EG/FeO composite are discussed in detail. Comparative 

electrochemical cycling studies of EG/FeO composite with Fe2O3 and Fe3O4 materials 

prepared under controlled conditions are also discussed. 

 

Secondary electron micrographs of EG/FeO composite recorded at different magnifications 

are shown in Fig. 5.1. It can be clearly observed from the micrographs that the obtained 

composite consists of sub–micron sized iron oxide particles with different morphologies. 

Some of these particles appeared to be wrapped by graphene layers, some appeared to be 

anchored on graphene layers and the rest appeared to be free standing. Graphene layers in EG 

appeared to have expanded along c-axis as shown in Fig. 5.1(a) and (b). Bright field 

transmission electron micrograph of EG/FeO composite is shown in Fig. 5.2(a). This 

micrograph clearly reveals that the obtained composite consists of agglomerated iron oxide 

particles which are wrapped by few layered graphene (FLG) sheets. The corresponding 

selected area electron diffraction (SAED) pattern shown in Fig. 5.2(a) depicts intense 

diffraction spots indexed to FeO and diffused ring pattern related to the presence of FLG. The 

SAED pattern (Fig. 5.2(d)) obtained from the edge of single iron oxide particle as shown in 

the Fig. 5.2(c) indicates that the obtained diffraction spots (perpendicular to the FCC [211] 

zone axis) are related to single crystal FeO with face centred cubic structure. The 

corresponding high resolution transmission electron micrograph (Fig. 5.2(b)) clearly reveals 
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that the synthesized composite contains thick FeO particles wrapped by FLG sheets. The 

FLG wrapped on top of FeO particles acts like a protective layer/coating and avoids easy 

conversion of FeO to other compounds. Thus FLG provides stability to FeO similar to carbon 

and surfactants coated FeO [1,2].  

 

Figure 5.1. Secondary electron micrographs of EG/FeO composite. 

 

X-ray diffraction (XRD) pattern being a result of bulk ensemble of microstructural features of 

the sample, it surprisingly revealed that all of the iron oxide particles irrespective of their 

different shapes and sizes have crystallized in to same lattice system. XRD pattern of the as-

prepared EG/FeO composite powder (Fig. 5.3) suggests that iron oxide is present in the form 

of FeO with good crystallinity. The noise observed in XRD pattern might be either from 

disordered nature of EG or presence of other crystalline iron oxides. In tune with SAED 

results the refined XRD data showed that the composite consists of FeO with cubic crystal 

structure (Wuestite, JCPDS # 89-2468) as the major component with Wt.%-Rietveld around 

99.6% and cubic Fe3O4 (Magnetite, JCPDS # 89-691) as the minor component with Wt.%-

Rietveld around 0.4% (Table 5.1 and Annexure 6). This trace amount of Fe3O4 might be 

resulted either due to reduction path terminated at first stage (Fe2O3
IFe3O4) or converted 
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from FeO which is not covered by FLG. Thus overall minute amounts of Fe3O4 suggest that 

majority of FeO particles are well stabilized by FLG as observed in electron micrographs. 

After Rietveld refinement, the lattice parameter of FeO was found to be a = 4.3375 Å whilst 

the average crystallite size is ~42.5 nm. Apart from iron oxide diffraction peaks, a very low 

intensity graphitic (002) peak corresponding to EG is observed around 26.5º. 

 

 

Figure 5.2. Transmission electron micrographs and SAED patterns of FeO particles wrapped 

by FLG (a), HRTEM image of FeO surface covered by FLG (b), single crystalline FeO 

nanoparticle (b) and its SAED pattern (d). 

 

BET and Langmuir specific surface areas are 10.97 and 15.46 (±0.2) m2 g-1, respectively. 

This very low specific surface area in comparison with thermally annealed graphene [3]  

indicates that the most of the active surface of EG is covered by FeO particles which may not 

readily allow nitrogen molecules to get adsorbed onto them unlike pristine graphene. 
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Figure 5.3. X-ray diffraction pattern of (a) GO, Fe2O3, EG/FeO and (b) Rietveld refinement 

results of EG/FeO (* peaks corresponding to Fe3O4). 

 

Table 5.1. Rietveld refinement parameters of FeO and Fe3O4. 

Structure FeO Fe3O4 

Evaluated Lattice parameters a = 4.3375 Å 8.4022 Å 

Crystallite size (Lorentzian) 42.5 nm 27.1 nm 

Space group Fm-3m Fd-3m 

Lattice parameters 
a = 4.3402 Å a = 8.4022 Å 

JCPDS file Number 
JCPDS # 89-2468 JCPDS # 89-691 

R-Bragg 0.062 0.257 

Wt.%-Rietveld 99.596 0.404 

R-Values Rexp : 1.89     Rwp : 2.15       Rp  : 1.70    GOF : 1.14 

 Rexp`: 38.55   Rwp`: 43.82    Rp` : 65.92   DW  : 1.61 

 

 

The observed large hysteresis between N2 adsorption and desorption isotherms (Fig. 5.4(a)) 

suggests mesoporous nature of EG/FeO composite. The average pore volume with a pore 

diameter of ~10.6 nm is found to be ~0.064 cm3 g-1. The quality of exfoliation of EG in terms 

of high disorder introduced into GO to form EG can be clearly understood from the increased 

intensity of D-band in the case of EG as shown in Fig. 5.4(b). The typical C6 hexagon 
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breathing modes (G-band from E2g mode and D-band from defect activated six-atom ring 

vibrations) [4] of EG and GO as measured by Raman spectroscopy are found at DEG = 

~1339.5 cm-1, GEG = ~1576.8 cm-1, DGO = ~1354.6 cm-1 and GGO = ~1597.2 cm-1. The 

shifting of positions of G, D and 2D (~2676 cm-1) bands in EG towards lower wave numbers 

side (in comparison to GO) corresponds to decrease in number of graphene layers in EG than 

GO [4]. The evolution of stronger characteristic D-band than G-band in EG/FeO indicates the 

presence of more disordered carbon or graphene nanosheets in EG [4,5]. 

 

Figure 5.4. (a) N2 adsorption and desorption isotherms, (b) Raman spectrum of EG/FeO in 

comparison to GO, (c,d) TGA weight loss curve of GO and reaction mixture of 2GO and 

Fe2O3, respectively. 

 

It is well accepted that FeO forms and remains stable above 570 ºC [6,7] and hence it is 

worthy to discuss FeO formation possibilities in the present case around the operation 

temperature i.e. 650 ºC which is good enough to release reducing species like H2/H
+ and CO 
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from GO [8,9]. By observing FeO morphology in electron micrographs it can be considered 

that both solid and gaseous state reduction is taking place. The reduction of Fe2O3 has 

plausibly taken place by free carbons of EG and by gaseous species like CO, H2 etc. released 

from GO according to Equs. 5.1-5.6 as the free energy of these reactions at 650 ºC is negative 

(ΔG < 0) [10]. This two-way reduction mechanism can be evidenced by the presence of FeO 

particles on surface and edges of EG, covered by FLG (reduced by carbon atoms) and free 

standing FeO (reduced by gases). The direct conversion of Fe2O3 to FeO may not possible 

because above 570 ºC reduction of hematite occurs in three stage i.e., through 

Fe2O3
IFe3O4

IIFeOIIIFe path in the presence of C, CO, H2 or their mixtures [7,10] and 

also trace amount of Fe3O4 phase found as per XRD analysis confirms that three stage 

reduction pathway preferably happens. In the present study, we have identified that annealing 

time is best parameter to control this reduction path at 650 ºC. Pure FeO with trace amounts 

of Fe3O4 impurity phase is observed for five hours of heating. Further prolonged heating (say 

6 hours) or higher reduction temperature (750 ºC) leads to third stage i.e. conversion of FeO 

to Fe takes place (Annexure 6). Similar observation found in TGA analysis as shown in Fig. 

5.4(d) in which continuous loss of weight of reaction mixture (2GO+Fe2O3) is observed up to 

900 ºC. The weight loss of reaction mixture up to 200 ºC could be ascribed to removal of 

water (preferably from GO) as this portion of curve appears similar to GO (Fig. 5.4(c)). The 

maximum weight loss (~25%) of reaction mixture is observed in between 200-650 ºC which 

corresponds to the reduction of GO, Fe2O3 and Fe3O4 to form EG/FeO [6,7]. In-situ 

formation of FeO anchored on to or wrapped by FLG [6,7] helps in stabilization of FeO. The 

next weight loss step (650-900 ºC) can be associated to conversion of FeO to Fe [6,7]. Finally 

as-synthesised EG/FeO that obtained at 5h of heating is further analysed with TGA in air in 

order to understand the weight percentage of EG and FeO phases. Result indicated that the 

composite contains approximately 87 wt.% of FeO and 13 wt.% EG phase (Annexure 6). 
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With these weight percentages one can expect theoretical capacity of EG/FeO around 696 

mAh g-1 (Annexure 6). Further, electrical conductivity of EG/FeO is measured from I-V 

characteristic curve that recorded at room temperature (Annexure 6). I-V characteristic curve 

resembled the resistive element with linear relation between current and voltage, and constant 

slope (resistance). Based on the slope of I-V curve we calculated conducitvity of EG/FeO 

around 0.23 Ω-1cm-1 which is well above the value reported for wusite [11]. These findings 

facilitate the use of EG/FeO as an anode of LIBs.  

C + 3Fe2O3 I2Fe3O4 + CO                                                                                           (5.1) 

CO + 3Fe2O3 I2Fe3O4 + CO2                                                                                        (5.2) 

H2 + 3Fe2O3 I2Fe3O4 + H2O                                                                                         (5.3) 

C + Fe3O4 II3FeO + CO                                                                                               (5.4) 

CO + Fe3O4 II3FeO + CO2                                                                                            (5.5) 

H2 + Fe3O4 II3FeO + H2O                                                                                            (5.6) 

The electrochemical response of EG/FeO composite is studied with CV technique and 

interestingly its CV characteristics are very consistent in all cycles despite of the different 

shape and sizes of FeO particles. The cyclic voltammograms of Fe-oxides and EG sample are 

shown in Fig. 5.5. During the first cathodic (reduction) scan EG/FeO (Fig. 5.5(a)) shows two 

successive peaks found at ~0.68 V vs. Li  are ascribed to the electrochemical reaction of Li 

with FeO and ~0.5 V vs. Li corresponds solid electrolyte interphase (SEI) [12,13]. EG might 

have shown its individual identity as peak at ~0.5 V is observed for TEGO (Fig. 5.5(d)). The 

absence of 0.5 V peak and large difference between first and second reduction scans could be 

mainly attributed to loss of Li as a covalent constituent of SEI. The peak at ~0.68 V is 

plausibly due to crystal structure destruction by reduction of Fe(II) to Fe(0) to form 

amorphous Fe0 nano particles surrounded by Li2O phase. The significant increases in the 

reduction peak potential from 0.68 to 0.9V should be caused by the increase in the electro 
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activity of the reactants or change the reaction mechanism, similar trend was noted with 

galvanostatic cycles profiles of MO (M=Co, Ni, Fe) [12,13]. These finding are consistent 

with EG/Fe3O4 (Fig. 5.5(b)) and EG/Fe2O3 (Fig. 5.5(c)) along with earlier reports [1,3,14]. 

The other reduction peak close to ~0.005 V might be due to either intercalation or 

electrochemical absorption of Li through individual graphene sheets of EG as like observed 

for TEGO. In first anodic scan there is small amount of constant oxidation current resulted 

from electrochemical desorption of Li from EG was observed up to 1.25 V and similar is 

observed in the case of TEGO. One broad peak is observed around 1.6 V that correspond to 

oxidation of Fe to form FeO by releasing two Li ions. But this peak appears less broadened 

when compared with broad humped oxidation steps of EG/Fe3O4 and EG/Fe2O3 (Fig. 5.5 (e) 

and (f)) which is indication for single step oxidation is preferably happening. From second 

anodic scan onwards current due to EG is constant even though it lowered than first cycle 

while the observed decrease for conversion reaction peaks is compensated by peak 

broadening with slight shift towards higher voltage. Thus overall lithium ion insertion and 

extraction mechanism into EG/FeO is a combination of electrochemical absorption-

desorption due to EG and reversible redox reactions of FeO [1,14] as per the Equs. 5.7-5.8.  

FeO + 2Li+ + 2e–  → Fe + Li2O (Discharging)                                                                 (5.7) 

Fe + Li2O  → FeO + 2e– + 2Li (Charging)                                                                       (5.8) 

With the encouraging CV observations at the background, Li ion storage and release 

capacities of EG/FeO are elucidated with GC tests in the voltage window of 0.005-3.0 V and 

at current rates of 50 and 400 mA g-1. For the considered current densities similar kind of 

voltage versus discharge-charge capacity profiles are observed (Figs. 5.6(a) and (b)). During 

1st cycle, slope of discharging curves are consistent in starting from OCV to 1.5 V whereby 

slope changes constantly up to 0.75 V where the curves become quasi-perpendicular to the 

precedent portion and extend until voltage becomes 0.5 V (say up to 1000 mAh g-1). As 
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inferred from CV curves, first cathodic scan in this portion matches to the large reduction 

current observed between 0.5 and 1.0 V that corresponds to reduction of FeO by Li to form 

metallic Fe and Li2O as well as lithiation and SEI formation [12]. 

 

 

Figure 5.5. Cyclic voltammogram of (a) EG/FeO, (b) EG/Fe3O4, (c) EG/Fe2O3, (d) TEGO, 

(e) first cycles and (f) second cycles of three EG/Iron Oxide composites. 
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After the portion under discussion (pages 60-61), another sloping plateau is observed up to 

final voltage set point of 0.005 V that accounts to 600 mAh g-1 capacity which might be due 

to co-intercalation of solvated Li ions onto or in between individual graphene sheets of EG 

simultaneously which actively reduces (decomposes) electrolyte molecules. But the extent of 

capacity of this region visualizes the role of enhanced catalytic reduction nature of freshly 

formed Fe nano phases towards electrolyte decomposition not to be ruled out [12]. The 

excess capacity during first cycles is due reduction of solvent in the electrolyte and SEI 

formation [12], and partially due to formation of  polymeric layer on metal nano particles 

[12,14,15]. Detailed SEI formation mechanism is well-documented [16]. The discharge 

cycling profiles of EG/Fe3O4 (Fig. 5.6(c)) and EG/Fe2O3 (Fig. 5.6(d)) are comparable to 

EG/FeO with minor differences in the peak voltages. During the first charging from 0.005 V 

to 3.0 V, the slope of the curves is a steady straight line until a voltage of 1.5 V, whereby it 

becomes moderate and stays at this gradient until a voltage of 1.8 V from which it becomes 

steeper once again up to 3.0 V. Upon first charging to 3.0 V the capacity reversed from first 

discharge capacity is only 52-57% depending on current rate as summarized in Table 5.2. The 

total discharging and charging capacities of first cycle at 50 mA g-1 current rate are 1489 and 

857 mAh g-1, respectively and results of remaining current densities are shown in Table 5.2. 

The second discharge curves are similar to first discharge curves but major difference is their 

discharge capacities are 43-48 % lesser than first discharge to 0.005 V. The long plateau due 

to SEI has disappeared as it was irreversible (ICL ~600-640 mAh g-1) and the remaining 

small plateau feature corresponds to Li storage according to conversion reaction (Equ. 5.1) in 

agreement with reduction current peak around 1 V in CV profile. The second charging curves 

are also similar to first charging curves but they exhibited steeper initial and final slopes than 

the first charging. The remaining cycles displayed the same pattern as the second discharging 

and charging curves, although there is some capacity fading as the cycles wear on. At the end 
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of test the capacity is relatively constant with negligible fading and a small increase in 

capacity trend is observed in each current case. Thus overall, EG/FeO showed discharge and 

charge profiles are similar to EG/Fe3O4 (Fig. 5.6(c)) and EG/Fe2O3 (Fig. 5.6(d)) with slight 

difference in capacity values.  

Table 5.2. Anodic performance of EG/FeO at various current densities. 

Current Rate 

(mA g-1) 

1st  

DC1 

1st  

CC2 

1st 

QE3 

2nd 

DC  

2nd 

CC 

2nd 

QE 

60th 

DC 

60th 

CC 

60th 

QE 

60th 

CR4  

50  1489 857 58 850 797 94 736 725 99 85 

100  1476 829 56 819 770 94 710 700 99 85 

200  1411 770 55 745 711 95 631 624 99 81 

400  1280 674 53 675 639 95 533 526 99 78 

1Discharge Capacity (mAh g-1, ±5); 2Charge Capacity (mAh g-1, ±5); 3Coulombic Efficiency 

(%); 4Capacity Retention (%) 
 

 

 

Figure 5.6. Galvanostatic discharge-charge profiles of (a, b) EG/FeO at 50 and 400 mA g-1 

respectively; (c) EG/Fe3O4 at 50 mA g-1 and (d) EG/Fe2O3 at 50 mA g-1. 
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To understand the cyclic performance of EG/FeO, GC results at different current rates i.e., 

50, 100, 200 and 400 mA g-1 are interpreted in terms of capacity versus cycle number along 

with respective Coulombic efficiencies (%, QEs) as shown in Fig. 5.7. The observed QE 

values for first cycle are only 57-53 % (Table 5.2) which are increased to 93-94% in second 

cycle then soon they fluctuated between 98-99% and this scenario is continued up to end of 

the test. These poor first cycle QE values are resulted at expense of lithium loss in the form of 

SEI which is consequences as high ICL. During first discharge both EG and FeO actively 

intakes solvated lithium but during subsequent charging the same amount of lithium will not 

comes out. Thus in the case of EG/FeO extent of lithium loss is more which appeared as high 

ICL value which limited efficiency of anode to low values as tabulated in Table 5.2. This loss 

of lithium observed in further few cycles also and corresponding capacity fading continues 

till the 20th cycle, after which the capacity remains relatively constant with negligible fading 

and slight increase in capacity has observed. The initial cycle to cycle capacity fading is 

around 6% and for an average of 60 cycles it is less than 2%. Capacity retention of 84% at 50 

mA g-1 and 78 % at 400 mA g-1 is observed even at the 60th charge and onwards.  

 

 

Figure 5.7. Cyclic performance of EG/FeO at various current rates. 
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Here, the continuous capacity decay and inferior reversible capacity associated with bare FeO 

particles [1] has been overcome by incorporating  FeO particles  into continuous conducting 

type matrix of EG. EG/FeO shown superior reversible capacities and constant cyclic 

performance than the similar class of materials like EG/Fe3O4 and EG/Fe2O3 (Annexure 6), 

bare FeO [30], carbon coated FeO (FeO/C) [13] and nanorods of FeOOH [17]. The observed 

superiority of EG/FeO than FeO/C could be attributed to enhanced lithiation capability of EG 

than carbon in addition to improved reversible conversion reactions of FeO nanoparticles. 

Frequency dependent AC impedance of EG/FeO is shown in Fig. 5.8 as Nyquist plot which 

contained a typical semicircle (higher frequency range) and Warburg line (with 45º slope in 

lower frequency range) for various discharging (to 0.005V) and charging (to 3.0 V) cycles 

including fresh cell (at OCV). The respective equivalent electrical circuits used to fit 

impedance spectra are also included in the Fig. 5.8 and value of each circuit element is 

furnished in Table 5.3. The impedance data obtained at OCV and at each discharge is fitted to 

simple circuit but while charging fitting is more complex as shown in circuit diagrams. The 

electrolyte resistance Re
 [18] is found in the range of 4.1-5.8 Ω for various states of anode as 

shown in Table 5.3. The resistance to charge transfer Rct [18] is about 90-97 Ω up to first 

discharge but it has decreased to 38 and 29 Ω after 30th and 60th discharges, respectively. The 

corresponding capacitance of double layer formation CPEdl is decreased to 35 µF during first 

discharge while for remaining cases it varied in between 88 and 97 µF. The impedance after 

charging is different from both OCV and discharges by an extra small irregular curved 

portion in high frequency region (inset of Fig. 5.8(b)) that might be preferably due to 

collective resistance of surface film formation Rsf [18] and Rct as this portion fitted well when 

these two elements are considered as one. The compound resistance Rsf+ct is found relatively 

lower than Re with increasing mode while CPEsf+dl is higher than CPEdl with decreasing 

tendency as number of cycles increased. The bulk resistance Rb due to electronic conductivity 



EG/FeO Composite 

 

66 
 

of various components of electrode material [18] is in the range of Re and respective CPEb is 

also nearly equal to CPEsf+dl. The condition Rb>Rsf+ct signifies that faradaic reactions takes 

place very fastly, electrode is ideally conducting or ideally non-polarisable type and CPEb 

equals to geometrical capacitance per area. The Warburg impedance Ws (resistance 

experienced by Li atoms during diffusion) [18] is found relatively very high in all cases. The 

other circuit elements Ci corresponds to Li ion intercalation capacitance was varied between 

0.04 F and 1.8 F during discharge and it was kept constant at 0 F while charging so as 

impedance spectra fitted best. These values of Ci indicate that the kinetics of Li transport is 

mainly due to electrochemical absorption-desorption onto EG as CPEb is found high while Ci 

is very less and fast conversion reactions of FeO consistent with CV results. Moreover the 

value of Rsf+dl (resistance to Li+ extraction) lesser than Rct (resistance to Li+ insertion) 

indicates the ease of the composite with which it readily allows lithium ion to leave from it 

which accounts for good reversible capacities observed in GC profiles. Thus overall 

impedance of EG/FeO is found relatively very lower than graphene [19,20] or its iron oxide 

composites [21] which is a desirable aspect. 

 

 

 

Figure 5.8. AC impedance of EG/FeO at OCV, different discharged (a) and charged states. 
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Table 5.3. EIS data of EG/FeO at OCV, various charge and discharge states. 

Cycle 

Number 
Discharging Charging 

 Re  

(Ω,±0.1) 

Rct         

(Ω,±1) 

CPEdl 

µF 

Re       

(Ω,±0.7) 

R(sf+ct)   

 (Ω, ±1.5) 

CPE(sf+ct) 

µF 

Rb 

(Ω,±1.2) 

CPEb 

µF 

OCV 5.7 97 88 -- -- -- -- -- 

1st 4.7 90 35 4.1 1.6 610 3.7 605 

30th 5.2 38 70 5.6 2.8 194 4.2 134 

60th 5.8 29 97 5.8 3.3 148 4.5 112 
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Chapter 6    EG/MnO Composites 
 

Exfoliated graphene oxide (EG)/Manganese (II) Oxide (MnO) composite powder is 

synthesized by simple solid state graphenothermal reduction process. Structural, chemical 

and morphological studies confirm the formation of EG/MnO composite in which cubic MnO 

crystallites are found to anchor onto EG surfaces. As-synthesized EG/MnO composite is 

constituted with 65 and 35 wt.% of MnO and EG, respectively. The EG/MnO composite 

exhibits a specific surface area of ~82 m2 g-1 and an average pore size of ~12 nm. As an 

anode in lithium-ion batteries, EG/MnO composite shows a high reversible capacity of 936 

mAh g-1 at a current rate of 75 mA g-1. Capacity retention of ~84% (784 mAh g-1) is observed 

even at the 100th cycle which corresponds to a Coulomb efficiency of ~99%. Cyclic 

voltammetry studies on the composite show that Li storage is owing to reversible conversion 

reactions of MnO and electrochemical absorption/desorption by EG. Electrochemical 

impedance spectroscopy studies clearly show easy lithiation kinetics. Owing to the 

electrochemical performance of EG/MnO composite and owing to its easy, reproducible and 

scalable synthesis procedure, it is an excellent addition to the similar class of materials. 

 

Different morphological features present in the as-synthesized EG/MnO composite are shown 

in Fig. 6.1. In Fig. 6.1(a) puffy EG (i.e. exfoliated GO here viewed along its thickness (c-

axis)) is seen along with a lump of MnO particles on its edges. Figs. 6.1(b) and (c) show 

submicron sized lumps of MnO particles attached to the graphene sheets of EG. At several 

locations in Figs. 6.1(b) and (c) it can be seen that individual MnO particles are anchored 

onto cavities and troughs of EG. High magnification FESEM image (Fig. 6.1(d)) of a 

representative MnO lump clearly shows that it constitutes of a continuous network of MnO 

particles. The morphology and crystallinity (Fig. 6.2) of EG/MnO composite was further 

examined using TEM. Fig. 6.2(a-d) clearly shows that each MnO nanoparticle or lump is 

supported and partially covered by semitransparent few-layered graphene. Further 

investigation of MnO network is shown in Figs. 6.2(d) and (e). In these images it is clearly 

visible that individual MnO nanoparticles are connected with each other across edges (and 
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along their lengths). Selected area electron diffraction (SAED) pattern obtained at a shared 

edge of a MnO nanoparticle as depicted in Fig. 6.2(d) corresponds to FCC (100) facet and an 

underlying pattern belongs to FCC (310) facet. This observation indicates that each MnO 

nanoparticle could be a single crystal. The diffused diffraction rings correspond to EG. 

 

Figure 6.1. FESEM images of (a,b,c) EG/MnO composite at different locations and (d) MnO 

nano-network. 

 

XRD pattern of EG/MnO composite powder in comparison to MnO2 and GO powders is 

shown in Fig. 6.3(a). The diffraction peaks are indexed to cubic MnO (space group Fm-3m, 

JCPDS #75-257). The results are in close agreement with SAED analysis. This observation 

clearly indicates the transformation of tetragonal MnO2 (space group P42/mnm, JCPDS #24-

735) with lattice parameter values of a = 4.398 (6) Å; c =2.872 (5) (Å) to cubic MnO. 

Rietveld refinement of the XRD pattern of EG/MnO composite yields a lattice parameter of a 

= 4.444 (2) Å. The broadening of diffraction peaks is due to the smaller average crystallite 

size (average ~31 nm) of MnO in the sample. Here it is worth noting that the average 

crystallite size of MnO2 is ~128 nm. Further randomly shaped MnO2 particles ranging from 
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several hundred nanometers to few microns in size (Fig. 6.4) are transformed to networks of 

MnO. This observation indicates that GTR reaction not only results in phase (from MnO2 to 

MnO) and morphology change but also in formation of small MnO crystallites. The low 

intensity broad hump at 15° (Fig. 6.3(a)) is attributed to the presence of EG. 

 

 

Figure 6.2. TEM images of EG/MnO composite: (a−c) MnO nanoparticles adhered to 

graphene sheets of EG, (d and e) edge shared MnO nanoparticles, and (f) SAED pattern 

obtained from the edge shared MnO nanoparticle. 

 

XRD results indicate that the as-synthesized composite contains only crystalline MnO phase 

even though the morphology of individual MnO particles observed in electron micrographs is 

not the same. Raman spectra obtained from graphite, GO and EG/MnO composite samples 

are shown in Fig. 6.3(b). The spectrum of GO depicts only D and G bands centered at 1361 

and 1600 cm-1, respectively. After thermal exfoliation (GO→EG), D and G bands emerged 

very strongly (nearly sevenfold increase in intensity). The positions of D and G bands in EG 

are slightly shifted towards lower wave numbers i.e., to 1339 and 1597 cm-1, respectively. 
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The small peak centered at 649 cm-1 corresponds to Mn-O vibration mode [1-3]. The 

intensity ratio ID/IG in the cases of GO, EG/MnO and graphite are found to be ~0.74, ~0.88 

and ~0.1, respectively. The high ID/IG values in the cases of GO and EG indicate high extent 

of exfoliation or disorder imposed into graphite as a consequence of chemical oxidation 

followed by thermal  annealing. 

 

 

Figure 6.3. (a) XRD patterns of MnO2, GO, and EG/MnO; (b) Raman spectra of graphite, 

GO and EG/MnO composites; XPS spectra of (c) Mn2p, (d) Mn3s, (e) O1s and (f) C1s. 
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The oxidation state of Mn was further confirmed by using XPS. The core level spectra for 

Mn 2p, 3s and O 1s are shown in Figs. 6.3(c), (d) and (e), respectively. The Mn 2p3/2 shows a 

binding energy (BE) close to 641.71 (±0.2) eV which is well-matched with BE of MnO/C [1, 

4,5]. The satellite peak at 653.51 eV (Fig. 6.3(c)) is due to multiple splitting of the energy 

levels of Mn-ion. The calculated split width of Mn 2p orbital is ~11.8 eV which is in good 

agreement with the reported values [6]. In addition, Mn 3s (Fig. 6.3(d)) peak is deconvoluted 

into two distinct peaks centred at ~83.41 and ~89.31 eV corresponding to the splitting width 

of 5.9 eV which is consistent with previous reports [6,7]. XPS studies clearly show that Mn is 

in the +2 oxidation state. The O 1s spectrum showed peaks at 530.20, 531.6 and 533.8 eV 

(Fig. 6.3(e)). The main peak with a BE of 531.6 eV is related to the oxygen that is 

predominantly bonded to Mn-ions in the lattice while 530.19 and 533.83 eV are related the 

surface oxygen [5,8]. Further C 1s spectrum shown in Fig. 6.3(f) depicts peaks at 284.61, 

285.31 and 288.61 eV that represent C=C, C-C and C=O bonds, respectively in EG [5,8,9]. 

This suggests that most of the functional groups in GO were removed during its thermal 

reduction (exfoliation) to form EG. But EG is not completely free from functional groups 

such as C=O and this observation justifies its nomenclature of exfoliated graphene oxide. 

 

 

Figure 6.4. Electron micrographs (SEM) of MnO2 bulk powder. 
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Specific surface area of EG/MnO composite was measured as ~81.7 (±0.5) m2 g-1. N2 

adsorption and desorption isotherms are shown in Fig. 6.5(a). The adsorption isotherm 

indicates characteristics of BET type III isotherm but the desorption isotherm resembles an 

intermediate between type III and type IV isotherm. This kind of mixed behavior and the 

observed hysteresis indicate a high degree of porosity in the composite. The measured 

average pore volume of ~0.24 cm3 g-1 and average pore size of ~12 nm confirm that the 

composite powder is highly porous in tune with the morphological analysis. 

 

 

Figure 6.5. (a) N2 adsorption and desorption isotherms of EG/MnO, (b) TGA of GO in N2, 

and TGA of reaction mixture 2GO + MnO2 in N2 (c) and (d) TGA of EG/MnO in air. 

 

TGA of GO and the reaction mixture (GO+MnO2) was performed in order to understand the 

reduction process. The results are shown in Figs. 6.5(a-c). As shown in Fig. 6.5(c), the initial 

weight loss of ~8 % (up to 200 °C) is attributed to the removal of water molecules from GO 

whilst the subsequent weight loss of ~13.5% (up to 400 °C) corresponds to the pyrolysis of 



EG/MnO Composite 
 

75 
 

GO’s functional groups which contain oxygen to form steam, CO or CO2 etc. [10]. The initial 

two weight losses are definitely linked to GO for the reason that MnO2 is a proven stable 

phase up to 400 °C [11-14]. The weight loss characteristics (Fig. 6.5(c)) of the reaction 

mixture up to 400 °C is quite similar to that of GO shown in Fig. 6.5(b). The major weight 

loss of ~33% of the reaction mixture is observed in the range 400–900 °C which mainly 

corresponds to conversion of MnO2 to MnO as well as simultaneous exfoliation of GO to EG 

according to reaction path ‘2GO+MnO2
IEG/Mn2O3

IIEG/Mn3O4
IIIEG/MnO’. In detail, 

first MnO2 undergoes structural changes starting from ~400 °C and subsequently it changes 

to Mn2O3 very rapidly at ~450 °C and therefore the corresponding rapid weight loss of ~33% 

in the range 400–500 °C as shown in Fig. 6.5(c) is observed [11-14]. Mn2O3 further changes 

to Mn3O4 starting from 570 °C till 920 °C [11-14]. The weight loss up to 880 °C seems to be 

not only corresponding to formation of Mn3O4 but also its in-situ reduction to MnO either by 

carbons of EG or CO released from it. This is owing to the fact that either self-decomposition 

of Mn3O4 to MnO or the reduction of MnO to Mn is highly impossible as it happens in the 

range 1300–1700 °C [12,15]. Even in the presence of reducing species like C, CO2, CH4 and 

H2 further reduction of Mn3O4 to MnO will takes place well above 900 °C [13,14,16]. 

However, here the absence of any weight loss after 880 °C indicates that the reduction of 

Mn3O4 to MnO was completed before reaching 900 °C. Further reduction of MnO to Mn is 

highly impossible as it happens around 1500 °C [17] in the presence of either C or CO. 

Moreover, negligible weight loss observed in the temperature range 880–1000 °C confirms 

that the reduction of MnO to Mn is not possible. From the TGA it is clear that the exfoliating 

GO or EG will bring down the reduction temperature of MnO2/Mn2O3/Mn3O4 to obtain MnO 

at temperatures lower than those required in conventional methods. Here it should be noted 

that TGA of the samples correlates well with the other observed structural characteristics of 

the same samples. However, more robust theoretical and experimental studies are required to 
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explore the exact reduction mechanism. The inferences from TGA prompted the choice of 

650 °C as the reaction temperature and 8 h heating time to synthesize EG/MnO composites. It 

is also possible to obtain MnO at 750 °C. In this case it requires only 5 h of heating (Fig. 6.6). 

It was found through experimentation that a minimum of two moles of GO is required to 

reduce one mole of MnO2 completely to MnO. The reduction of a mole of MnO2 by heating 

with one mole of GO for 5 h resulted in a composite constituted by MnOx (Mn3O4 and MnO, 

Fig. 6.7). Weight percentages of individual components of EG/MnO are obtained by carrying 

out TGA in air at a heating rate of 10 °C min-1 as shown in Fig. 6.5(d). In this analysis, MnO 

and EG are found to be 65 and 35 wt.%, respectively. With these weight percentages one can 

expect a theoretical capacity of ~614 mAh g-1 by considering the formation of LiC6 and Mn 

plus Li2O (from MnO conversion). The synthesis experiment at 750 ℃ for 5h could yield 

pure MnO phase in the composite. However, the composite’s morphology (Fig. 6.8) showed 

that MnO particles aggregated more whilst its capacity (Fig. 6.9) was less than the one 

synthesized at 650 °C for 8h. The composite synthesized at 650 ℃ for 8h was found to be the 

optimal composite. 

 

 

Figure 6.6. XRD patterns of EG/MnO@650 °C-8h and EG/MnO@750 °C-5h. 
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Figure 6.7. XRD patterns of 1GO+MnO2 and 2GO+MnO2 reaction mixtures heated for 5 and 

8 h, respectively, in comparison to the XRD pattern of MnO2. 

 

 

Figure 6.8. FESEM image of MnO aggregates in EG/MnO@750 °C-5h. 

 

 

Figure 6.9. Cycling performance of EG/MnO @750 °C-5h at 75 mA g-1. 
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Electrochemical affluence of EG/MnO composite for lithiation was scrutinized using CV and 

the corresponding curves are shown in Fig. 6.10(a). An increase in reduction current is 

observed in the voltage ranges 0.7-1.0 V and 0.005-0.25 V during the first cathodic scan. The 

first small increase corresponds to typical decomposition of electrolyte species, which is also 

observed in galvanostatic discharge. The stable current between 0.7 to 0.25 V might be due to 

crystal destruction of MnO as a consequence of electrochemical reaction between MnO and 

Li i.e., the formation of Li2O and metallic Mn along with electrolyte decomposition 

[1,4,18,19]. The second large increase in current is the resultant of co-intercalation of 

solvated Li into EG. The evolution of the single large peak around 0.4 V that corresponds to 

the conversion reaction 2Li + MnO   Li2O + Mn [1,4,18-20] is observed from second 

reduction scan onwards as shown in Fig. 6.10(c). The large difference between first and 

second reduction curves is a consequence of irreversible chemical side-reactions that generate 

irreversible chemical compounds of Li and leads to the formation of solid electrolyte 

interface (SEI) [1,4,18,19]. There is only one oxidation peak centered on 1.25 V during all 

anodic scans. This peak represents the current due to de-lithiation reaction Li2O + Mn  2Li 

+ MnO [1,4,18,19]. The redox current was observed throughout the voltage range 0.005-3.0 

V, except in the case of conversion peaks during all redox scans plausibly resulted from 

electrochemical absorption and desorption of Li onto EG. It is important to note that the 

extent of hysteresis between redox curves observed especially in the voltage range 1.5–3.0 V 

is a clear evidence of EG’s participation in lithiation and de-lithiation processes. Moreover 

this kind of hysteresis is negligible for bare MnO and even for various composites containing 

less graphene as referred in this paper. Thus over all CV characteristics of EG/MnO are 

consistent with galvanostatic cycling features and demonstrating the (de) lithiation by both 

MnO and EG phases. 
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Figure 6.10. (a) CV curves at scan rate ∼58 μV s−1 and (b, c) galvanostatic cycling results at 75 mA 

g−1 followed by rate capability and (d) cyclic performance at 600 mA g−1 of EG/MnO. 

 

The performance of EG/MnO for lithiation is tested with galvanostatic cycling after 

confirming its readiness/ease for Li from CV study. The potential versus discharge and 

charge capacity characteristics at current density 75 mA g-1 are shown in Fig. 6.10(b). During 

the first discharge, major changes in slope of capacity curve are observed at 0.9 and 0.4 V 

which correspond to the starting of decomposition of electrolyte molecules and conversion 

reaction between Li and MnO [2,5,6,21,22]. Further, a minor change in curve was observed 

at 0.25 V which is related to intercalation of solvated Li in to EG and these features are 

consistent with first cathodic curve of CV test. The subsequent discharge capacity curves 

appeared similar with variation in capacity value and small sloping plateau around 0.5 V 

which represents lithiation by MnO/Mn (discharge potential) [2,5,6,21,22]. The first and 
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subsequent charging capacity curves are also found to be similar except for the capacity 

values and charging potential of Mn/MnO formation due to de-lithiation which is observed at 

1.25 V in tune with CV anodic scans. The inclined nature of the charge capacity curves above 

1.5 V (if graphene doesn’t participate in the lithiation process, these curves should be almost 

vertical) and the discharge curves below 0.3 V resembled that of pristine graphene [23]. Thus 

galvanostatic cycling confirms both that EG and MnO are actively contributing in lithiation 

and de-lithiation processes. A capacity of 1696 mAh g-1 is observed for complete discharging 

to 0.005 V during first discharge. Out of this discharge capacity only ~55% that equals to 936 

mAh g-1 is reversed during first charge to 3.0 V. The net capacity loss of ~45% at the end of 

first cycle is known as irreversible capacity loss that can be ascribed to loss of Li as covalent 

constituent of SEI [2,5,6,21,22].  Further decay in both charge and discharge capacity 

continued up to 25th cycle from where the recovery started and continued till the end of the 

test as shown in Fig. 6.10(b). This kind of behavior (which is known as electrode formation 

effect in which electrode material undergoes spatial changes and adjusts itself to achieve 

good contacts with current collector, proper percolation of electrolyte etc.,) is commonly 

observed in various graphene and carbon composites with MnO [2,4,5,21]. Such increase in 

capacity is attributed to reconstruction of the MnO/GNS through in-situ formation of ultrafine 

nanoparticles of manganese oxide [5]. The observed extra capacity might also be a 

consequence of electrolyte polymerization which is often accompanied by increase in 

capacity [21]. Another reason for increase in capacity could be due to the in-situ electro-

chemical exfoliation of EG, which then accepts more Li [3,24]. An increase in Coulombic 

efficiency to 92% at 2nd cycle and >97% at 12th cycle which soon fluctuated in between 98 

and 99% and the rate capability shown in Fig. 6.10(c) signifies EG/MnO as a commercial 

grade anode material. Finally capacity retention of ~84% (784 mAh g-1) is observed even at 

100th charge which corresponds to a Coulomb efficiency of ~99%.  
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Table 6.1. Comparison of performance of EG/MnO with other graphene/MnO composites. 

Ref. Synthesis method 

Graphene 

Content 

(wt.%) 

Reversible capacity (mAh g−1) Current  

Rate 

(mA/g) 
1st 

cycle 
After aging 

EG/MnO 

[This 

work] 

GTR @650°C 35 936 784 (100th cycle) 75 

Ref[25] 

MnO2/GO prepared by 

modified Hummers method 

and annealed at 400 °C in N2 

flow for 2h   

35.6 730* 860 (50th cycle) 50 

Ref[26] 

 

MnO2 nanorods 

(hydrothermally prepared)/GO 

calcined at 600 °C for 2h in Ar 

flow 

 

7.58 747 705 (100th cycle) 50 

Ref[21] 

Mn3O4/rGO prepared 

hydrothermal method at 200 

°C for 24 h and heated at 800 

°C for 5 h under NH3 

atmosphere 

 

8.9 829 772 (90th cycle) 50 

Ref[6] 

Mn–GO cakes prepared by GO 

+ Mn(NO3)2 suspension and 

heated at 400 °C for 2 h in 5 

vol.% H2 atmosphere 

  

-- 635 -- 75 

Ref[2] 

GO and rGO/Mn(Ac)2 heated 

separately at 800 °C for 2h 

under 5wt% H2/N2 atmosphere 

 

6 952  950* (5th cycle) 100 

Ref[22] 

rGO prepared at 900 °C for 3h 

in Ar whilst rGO/ Mn(NO3)2 

heat treated at 700 °C for 5h in 

Ar flow 

 

75 700 782 (60th cycle) 100 

Ref[27] 

rGO/Mn(Ac)2 reduced in 

NH4OH+ N2H4 solution to 

prepare rGO/MnOx which 

heated at 400 °C for 12h in 5% 

H2/Ar flow 

 

42 838 719* (10th cycle) 50 

Ref[9] 

Mn3O4/rGO prepared 

hydrothermal method at 200 

°C for 24 h heated at 400 °C 

for 2 h in N2/H2 flow 

 

12 867  825* (30th cycle) 50 

Ref[28] 

Precursor obtained from 

solution of GO+MnSO4+ 

NH4HCO3 heat treated at 600 

°C for 1h in N2 flow 

72.5 648 665 (50th cycle) 100 

*values are approximated from images unless specifically claimed by authors, -- not available. 
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As shown in Fig. 6.10(d), EG/MnO shows good cyclability even at current density of 600 mA 

g-1 that is equivalent to theoretical capacity (with the respective amounts in the composite as 

anticipated from TGA weight percentages). Thus the reversible capacities exhibited by 

EG/MnO are superior in comparison to that of MnO, MnO/C and Graphene/MnO (Table 6.1) 

composites. The overall electrochemical performance of EG/MnO is similar to the different 

MnO/C and Graphene/MnO composites cited in this study. However, the composites in the 

present study are synthesized using an easy and scalable synthesis process. Therefore 

EG/MnO composite is an excellent addition to the similar class of materials.  

Nyquist plots pertaining to fresh cell, cells after first discharge and first charge, and their 

equivalent electrical circuits are shown in Fig. 6.11. The impedance spectra contained only 

one semicircle whose diameter corresponds to the resistance to charge transfer (Rct) and the 

quasi straight line with ~45° inclination represents resistance to Li-ion diffusion (Warburg 

component, Ws). The relatively small contact resistance element Re around 5.5, 6.8 and 6.3 

(±0.1) Ω is noticed for fresh cell (open circuit potential, OCP), cell discharged to 0.005 V and 

cell charged to 3.0 V, respectively. The respective Rct values have shown a decreasing trend 

(88, 56 and 45 (±0.5) Ω, respectively) which signifies that the insertion and extraction of Li 

becomes easier upon ageing of the cathode material. The values of capacitance element CPEdl 

that are equivalent to the formation of double layer charge are found to be 54, 80 and 68 (±3) 

µF for the three cases, respectively. The simulated Re, Rct and CPEdl values are tabulated in 

Table 6.2. The values of Ws are found to be relatively very high when compared to Re and Rct 

values in all states of coin cells. The capacity element Ci (capacitance due to Li intercalation) 

(Table 1) was found to be < 1 F at OCV and 3.0 V which is the evidence for absence of solid 

state diffusion of Li into the anode matrix in tune with CV observations. The observed 

increase in Ci value to 2.283 F at 0.005V is an indication for intercalation of Li into MnO 

matrix. The higher values of Rct for OCP and discharge than charging indicates easy removal 
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of Li rather than insertion which is also visualized as high reversible capacities observed in 

galvanostatic cycling. 

 

Figure 6.11. Nyquist plots of EG/MnO at OCP, first discharge, first charge after fitting, and 

corresponding equivalent circuit. 

 

Table 6.2. EIS simulated values of various equivalent electrical circuit components 

pertaining to EG/MnO composite. 

Battery Status Re (±0.1, Ω) Rct (±0.5, Ω) CPEdl (±3, μF) Ci (±0.05, F) 

OCP 5.5 88 54 0.021 

Discharged to 0.005 V 6.8 56 80 2.283 

Charged to 3.0 V 6.3 45 68 0.020 
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Chapter 7    EG/MoO2 Composites 
 

‘Exfoliated Graphene Oxide (EG)/MoO2’ composites are synthesized by GTR method. 

Graphene Oxide (GO) is used as a reducing agent to reduce MoO3 and as a source for EG. 

The formation of different submicron sized morphologies such as spheres, rods, flowers, etc., 

of monoclinic MoO2 on EG surfaces is confirmed by complementary characterization 

techniques. As-synthesized EG/MoO2 composite with higher weight percentage of EG 

performed excellently as an anode material in LIBs. The galvanostatic cycling studies aided 

with post-cycling cyclic voltammetry and galvanostatic intermittent titrations followed by ex-

situ structural studies clearly indicate that Li intercalation into MoO2 is transformed into 

conversion upon aging at low current densities whilst intercalation mechanism is preferably 

taking place at higher current rates. The intercalation mechanism is found to be promising 

for steady state capacity throughout the cycling owing to excess graphene and higher current 

density even in the operating voltage window of 0.005–3.0 V in which MoO2 undergoes 

conversion below 0.8 V. 

 

FE-SEM micrographs depicting the morphology of as-prepared 4EG/MoO2 composite 

powder are shown in Fig.7.1. From the micrographs it is obvious that the EG surfaces are 

decorated with MoO2 nanoparticles which vary both in shape and size. Figs. 7.1 (a) and (b) 

show less populated sub-micron sized MoO2 quasi-spherical particles which are randomly 

dispersed across the edges of the EG surfaces where exfoliation appears to be more 

pronounced when compared with other regions. This indicates that during the exfoliation of 

GO, freshly forming individual MoO2 nanoparticles (along the edges of EG) are pushed away 

along with the exfoliating graphene layers and therefore eventually the chance of their 

agglomeration is reduced. But when there are a higher number of MoO2 particles, they still 

tend to agglomerate forming rods and sheets which further form flower-like morphologies as 

shown in Figs. 7.1 (c) and (d). However, 2EG/MoO2 composite powders (Annexure 7) depict 

a distinct microstructure. In this case too MoO2 particles acquired similar shapes as in the 

case of 4EG/MoO2 composite except for the flower-like morphology which is now replaced 
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by needle-like morphology. It is clearly observe that MoO2 are densely populated, and evenly 

distributed. Micron sized rods might evolve as a result of prolonged agglomeration. This 

situation might have arisen due to the presence of high amount of MoO3 and less amount of 

GO platelets during exfoliation and reduction process. This indicates that there is a shortage 

of EG content (in other words of GO during the reaction) in the case of 2EG/MoO2. In view 

of this, two moles of excess GO was used while synthesizing 4EG/MoO2 composite in order 

to ensure a smaller number of fine MoO2 particles and also to keep them isolated from each 

other. The synthesized 4EG/MoO2 contained more layers of EG as shown in Figs. 7.1 (a) and 

(b) in comparison to the layers in 2EG/MoO2 as shown in Annexure 7. The increased amount 

of EG has produced more robust and interconnected features. In addition, flower-like features 

which comprised of sheets of MoO2 as observed in Figs. 7.1 (c) and (d) suggest that the 

extent of agglomeration is scaled down in comparison to that in 2EG/MoO2 composite. 

Nonetheless, at the first glance, the morphology of both 4EG/MoO2 and 2EG/MoO2 

composites seems to be similar. 

 

 

Figure 7.1. SEM images of 4EG/MoO2 composite. (a) and (b) MoO2 nanoparticles at edges 

of EG and (c) and (d) flower-like morphology of MoO2 particles.  
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Figs. 7.2 (a) and (b) show randomly shaped MoO2 nanoparticles adhered on either side of the 

transparent graphene sheets complementing Figs. 7.1 (a) and (b). Three types of 

morphologies of MoO2 i.e. quasi-spherical, rods and sheets which contributed to flower-like 

morphology are probed for their structure using selected area electron diffraction (SAED) 

pattern as shown in insets of Figs. 7.2(a), (c) and (d). The SAED patterns depicted in the 

insets of Figs. 7.2 (a), (c) and (d) are ascribed to the planes perpendicular to the zone axes [-

1-10], [01-1] and [001] of monoclinic crystal system, respectively. 

 

 

Figure 7.2. TEM images of 4EG/MoO2: MoO2 nanoparticles (a) adhering to edges and (b) 

sheets of EG, (c) MoO2 nanorods partially wrapped by EG, and (d) magnified view of the 

flower-like morphology of MoO2 particles. The SAED patterns depicted in insets of (a), (b) 

and (c) correspond to single MoO2 nanoparticle, MoO2 nanorod and flower-like MoO2, 

respectively. 
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It is very interesting to have such different sized and shaped MoO2 nanoparticles in single 

crystalline system. It is intriguing to evaluate electrochemical properties of such mixed 

morphology material systems similar to EG/FeO and EG/MnO composites. SAED patterns 

show that obtained individual MoO2 particles are single crystalline and monoclinic in nature. 

XRD pattern pertaining to the as-prepared 4EG/MoO2 composite in comparison with MoO3 

(PDF#65-2421) is shown in Fig. 7.3(a). The pattern matches with monoclinic crystal 

structure (Space Group P21/c; PDF#78-1069) that mainly corresponds to MoO2 phase in the 

composite while diffraction signals from EG phase are absent. The lattice parameters are 

found to be a (Å) = 5.6207, b (Å) = 4.8676, c (Å) = 5.6355 and β (°) = 120.88 from Rietveld 

refinement. There is negligible difference in lattice parameter values between the 

diffractograms of 2EG/MoO2 and 4EG/MoO2 (Annexure 7) but their average crystallite sizes 

are found to ~42 and ~33 nm, respectively (Annexure 7). The observed decrease in crystallite 

sizes clearly indicates that agglomeration of MoO2 has been controlled with the increased 

amount of EG. This complies with the inferences from the electron micrographs. XRD results 

comply with SAED analysis. This indicates that MoO2 particles are well crystallized. Further, 

XRD patterns of GO and GOꞌ (graphene oxide with a greater degree of oxidation; the 

interplanar spacing is ~0.782 nm in comparison to ~0.655 nm in GO) in comparison to that of 

graphite flakes as shown in Fig. 7.3(b) revealed that both GO and GOꞌ are well oxidized. The 

increase in interplanar distance is a direct consequence of more number of functional groups 

bonded to basal planes (more oxidation and hence higher degree of oxidation) [1,2]. GOꞌ was 

considered to find out if degree of oxidation has any influence on the reduction MoO3. 

The extent of exfoliation of GO in forming EG and the type of molybdenum oxide present in 

the composite after reduction is studied using Raman spectroscopy. Raman spectrum of 

4EG/MoO2 composite depicted strong bands pertaining to EG and MoO2 contents as shown 

in Fig. 7.3(c) in which Raman spectrum of GO is also included for comparison. Raman bands 
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observed at 993 and 818, 664, 332, and 281 cm-1 correspond to M=O stretching, O-M-O 

stretching, O-M-O bending and O-M-O wagging modes of vibrations in MoO2 [3], 

respectively (Annexure 7). The other two Raman bands observed at 1344 and 1586 cm-1 are 

well known as D and G bands [3], respectively pertaining to EG in the composite. The 

intensity ratio ID/IG is found to be ~1.07 in the case of EG which is higher than that in the 

case of GO (ID/IG ~0.85) indicating that there is increased disorder in EG which further 

indicates that good exfoliation has taken place [3]. Similar Raman scattering response was 

observed from 2EG/MoO2 and the only noted difference is the higher intensity of MoO2 

peaks along with less exfoliation of EG when compared with 4EG/MoO2 (Annexure 7). 

EG/MoO2 composites’ Raman scattering results are consistent with other MoO2-graphene 

nanocomposites [3-6].  

 

 

Figure 7.3. (a) XRD patterns of 4EG/MoO2 and MoO3, (b) XRD patterns of GO, GOꞌ and 

graphite, (c) Raman spectra of 4EG/MoO2 and GO, and (d) BET (N2) adsorption-desorption 

isotherms of 4EG/MoO2. 
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Raman analysis of EG/MoO2 composites clearly shows that the reaction temperature chosen 

in this work yields good exfoliation to GO as well as complete reduction of MoO3 to MoO2. 

Raman analysis is in good agreement with XRD results.  

The result of a N2 physisorption experiment for the 4EG/MoO2 composite is shown in Fig. 

7.3(d). The observed N2 adsorption and desorption isotherms are found to be matching with 

type IV BET classification. BET and Langmuir surface areas of 4EG/MoO2 are found to be 

71.4±0.2 and 177±11 m2/g, respectively. The corresponding average pore volume is found to 

be ~0.244 cm3/g with an average pore diameter of ~13.69 nm. The specific surface area and 

pore volume pertaining to 4EG/MoO2 are noticed to be much larger (20 times larger) in 

comparison to those pertaining to 2EG/MoO2 (Annexure 7).  

 

 

Figure 7.4. High resolution XPS spectra of (a) Mo3d, (b) O1s and (c) C1s of 4EG/MoO2. 
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The larger surface area has plausibly resulted from the additional EG content, resulting in 

more disordered porous layered morphologies observed in electron micrographs. The 

additional exfoliation could also prevent MoO2 particles from agglomerating, thus further 

increasing the specific surface area. The larger hysteresis as shown in Fig. 7.3(d) between N2 

adsorption and desorption isotherms of 4EG/MoO2 indicates that it possess a greater extent of 

mesoporosity. Further, the chemical nature of MoO2 in terms of oxidation states of individual 

elements was obtained though XPS analysis. The high resolution spectra of Mo3d, O1s and 

C1s are shown in Figs. 7.4(a), (b) and (c), respectively. The spectrum of Mo3d shows two 

distinct peaks at 229.4 and 232.5 eV, which represent the core-levels Mo4+ 3d5/2 and Mo4+ 

3d3/2, respectively [7-9]. This characteristic doublet corresponds to oxidation state IV of Mo 

in MoO2 [7-9]. The spectrum of O1s is deconvoluted into three peaks centred at 531.8, 532.0 

and 534.7 eV. Amongst these three peaks, the first one at 531.8 eV is associated with oxygen 

that is bonded to molybdenum in the crystal structure of MoO2 [7-9]. The second peak at 

532.0 eV is either due to metallic nature of MoO2 or it might correspond to surface oxygen 

[7,9]. The third peak plausibly arises from either surface oxygen or adsorbed moisture [7-9]. 

The C1s spectrum shows non-oxygenated carbon (C=C/C–C) peak at 285 eV whilst 

oxygenated carbon peaks are observed at 286 (C–OH), 287 (C=O) and 288 eV (COOH) [6,7]. 

The presence of oxygenated carbon peaks justifies abbreviating exfoliated graphene oxide as 

EG. These inferences from XPS study clearly indicate EG/MoO2 composite formation which 

is consistent with the XRD and Raman scattering analysis. 

TGA of GO and the reaction mixture 2GO+MoO3 in N2 environment was done in order to 

understand the reduction process from the thermal decomposition behaviour of the 

constituents. TGA of as-synthesized 4EG/MoO2 in air was also carried out to determine the 

contents of EG and MoO2 in the composite. As shown in Fig. 7.5(b), the initial weight loss of 

the reaction mixture that took place in comparison to GO up to 200 °C (Fig. 7.5(a)) could be 
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attributed to evaporation of water molecules preferably from GO [10]. The next weight loss 

up to 500 °C is due to the decomposition of various functional groups from GO [10, 11].  

 

 

Figure 7.5. TGA of (a) GO and GOꞌ, (b) reaction mixtures 2GO+MoO3 and (c) 2GOꞌ+MoO3 

in N2 environment, and (d) as-prepared 4EG/MoO2 in air. 

 

Further, the exfoliating GO (EG) also losses its weight either by releasing CO/CO2 gaseous 

species or by giving up C from its skeleton which will reduce MoO3/MoO2/Mo/Mo2C as the 

temperature rises to 1000 °C [10-15]. A minimum of 500 °C is required to start the reduction 

of MoO3 and thus beyond 500 °C the major share of the total weight loss corresponds to 

reduction of MoO3 as well as subsequently formed molybdenum compounds up to 1000 °C 

[12-15]. The weight loss from 500 to 800 °C might be mainly corresponding to the reduction 

of MoO3 to MoO2 either by C (>500 °C) or CO (>650 °C) [12-15]. Next phase reduction of 

MoO2 to Mo or Mo2C might also be possible above 800 °C [12-15]. As shown in Fig. 7.5(b) 
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a rapid weight loss of ~66% was observed in the range 700-900 °C and only ~3% residual 

mass was found at the end of the test. This suggests that entire GO/EG was sublimated 

together with complete reduction of MoO3 to Mo/Mo2C [12-15]. Hence to retain EG as much 

as possible and to stop the reduction process at MoO2 phase, the reaction temperature of 750 

°C was chosen so as to synthesize an optimal EG/MoO2 composite.  

In an another experiment, TGA of GOꞌ and the reaction mixture 2GOꞌ+MoO3 in N2 

environment was also carried out in order to understand the influence of degree of oxidation 

of GO on reduction process. As shown in Fig. 7.5(a), both GO and GOꞌ are observed to show 

similar weight loss characteristics but GOꞌ was burnt rapidly and at slightly lower 

temperatures than GO as a result of higher oxidation. Similar weight loss behaviour is 

observed when GO and GOꞌ are burnt in the presence of MoO3 (Fig. 7.5(c)). It was noted that 

GOꞌ burnt 15% more than GO in their respective reaction mixtures up to 500 °C. It is worth 

to note that in both cases weight loss characteristics are found almost same especially beyond 

500 °C (except a 19% difference in weight losses) strongly suggesting that degree of 

oxidation of GO has negligible role in reducing MoO3 and its substantial by-products. 

Further, TGA of 4EG/MoO2 in air (Fig. 7.5(d)) suggested that approximately 46 wt.% of EG 

is present in the composite. This observation facilitates the estimation of EG content to be 

~23 wt.% in 2EG/MoO2. Thus obtained weight percentages of individual components can 

correspond to theoretical capacities of 624 and 730 mAh g-1 for 4EG/MoO2 and 2EG/MoO2, 

respectively by considering complete reduction of MoO2 (possible to form Mo and 2Li2O) 

and formation of LiC6.  

Galvanostatic charge-discharging features of both 2EG/MoO2 and 4EG/MoO2 in the voltage 

window 0.005–3.0V are shown in Fig. 7.6. The first discharge curve of 2EG/MoO2 appeared 

very steep starting from open circuit voltage (OCV) to 1.6 V where first change in slope is 

observed; further, the curve declined up to 1.25 V where second change in slope observed 
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and beyond this, a continuous decline is observed up to 0.005 V as discharge progressed. The 

second and few subsequent discharge curves are found to be similar to the first discharge 

curve but distinct capacity ramps are observed in-between 1.55 and 1.25 V which correspond 

to Li-intercalation into MoO2 but they did not appear as cycling continued and final 

discharging curve was found similar to that of pristine graphene [7,16,17].  

 

 

Figure 7.6. Galvanostatic cycling results of (a,b) 2EG/MoO2 at 500 mA g-1, (b,c) 4EG/MoO2 

at 100 mA g-1 and (e,f) 4EG/MoO2 at 1000 mA g-1. 
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During each discharge, capacity values dramatically decreased over the first few (about 5) 

cycles  and then increased up to 60 cycles before once again decreasing for the remaining 

cycles as shown in Fig. 7.6(b). The net loss of capacity between first and second discharges is 

due to Li loss owing to solid electrolyte interface (SEI) formation [16]. The first charging 

curve is observed to incline continuously up to 1.4 V at which a first change in slope is noted 

followed by a second change at 1.72 V. At each of these features that correspond to Li de-

intercalation from MoO2 [7,16,17], the curve turns into a nearly flat ramp for about 100 mAh 

g-1; beyond these changes the curve finally became inclined (but steeper) as charging 

progressed to 3.0 V. For the charging capacity as a function of cycle number, the same trend 

as discussed above for the discharging curves is observed (Fig. 7.6(b)). The ramps around 1.4 

and 1.72 V are shifted to higher capacity values as cycling progressed but they do not appear 

almost immediately plausibly due to increased conversion of MoO2 to metallic Mo (Li to 

Li2O) and final charging curves also resembled those of pristine graphene [7,16,17]. The 

initial capacity decrease could be ascribed to continuous formation of SEI [16], the 

subsequent increase understood from the progressive conversion reactions between MoO2 

and Li which is known as electrode activation/formation effect [16] and the final decay might 

be due to the aggregation of metallic Mo to form metal clusters which no longer participate in 

the conversion reactions. This aggregation of metallic Mo could be avoided and Mo can be 

kept active for lithiation either by intercalation or conversion mechanism by simply 

increasing amount of EG in the composite like in the case of 4EG/MoO2. As shown in Fig. 

7.6(c) and (e), the voltage versus charge-discharge capacity profiles of 4EG/MoO2 at 100 and 

1000 mA g-1 current rates respectively are found similar to those of 2EG/MoO2. The slight 

decrease in capacity values of ramps as a consequence of decrease in wt.% of MoO2 is 

observed in both the cycles. But these are not observed at all for cycling at 100 mA g-1 which 

is an indication for absence of intercalation of Li into MoO2. In contrast to 100 mA g-1 case, 
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the cycling at 1000 mA g-1 retained ramps suggesting that Li storage by MoO2 prefers 

intercalation mechanism at higher current densities. Thus the extent of fading shown in Fig. 

7.6(b) could be controlled with excess amount of EG (in tune with TGA) which offers good 

electrical contacts to MoO2/Mo in a manner isolating them from aggregation and keeping 

them active in reversible traversing of Li-ions either by conversion reactions or intercalation 

as shown in Fig. 7.6(d) and (f), respectively depending on current density applied. From this 

it is clear that cyclability has improved far better than in the case of 2EG/MoO2 either by 

continuous cycle to cycle increase or steady state capacity values as shown in Figs. 7.6 (d) 

and (f), respectively. Cyclic performance characteristics of the aforementioned EG/MoO2 

composites are tabulated in Table 7.1. The overall voltage versus capacity profile features are 

in tune with various redox peaks found in CV curves (Figs. 7.7 (a) and (b)). The cyclic 

performance of 4EG/MoO2 is noted to be not only superior to that of 2EG/MoO2 in the 

present study but also to that of various MoO2 materials [16,18] and GO or Graphene-MoO2 

composites. The brief comparison between 4EG/MoO2 and its class of some Graphene-MoO2 

composites prepared so far by complex multi-step methodologies are enumerated in Table 

7.2. As listed in Table 7.2, 4EG/MoO2 outperformed some of its kind of materials and can be 

able to outperform other similar composites after suitable modifications like carbon or 

nitrogen coating or doping or involving solvent phase mixing of initial reagents etc.  

 

Table 7.1. Cyclic performance of EG/MoO2 composites. 

Composite/ 

Rate 
DC1 CC1 QE1 DC50 CC50 QE50 DC100 CC100 QE100 

2EG/MoO2@5

00 mA g-1 
762 403 53 548 539 98 470 459 98 

4EG/MoO2@1

00 mA g-1 
1508 713 47 918 895 98 907 878 98 

4EG/MoO2@1

000 mA g-1 
928 424 46 434 426 98 441 431 98 

DC-Discharge Capacity and CC-Charge Capacity (±5 mAh g-1
); QE-Coulombic Efficiency (%) 
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Figure 7.7. Cyclic Voltammetry results of (a) 2EG/MoO2, (b) fresh 4EG/MoO2, and (c) 

4EG/MoO2 after cycled at 100 mA g-1 and (e) 1000 mA g-1 and (d) and (f) corresponding 

diffusion coefficients, respectively. 

 

The type of electrochemical reactions involved in securing capacities observed in GC are 

probed by CV measurements at a scan rate of 58 μV s-1 and in the voltage range of 0.005–3.0 

V. CV curves of both 2EG/MoO2 and 4EG/MoO2 contained strong redox couples at 1.25/1.47 

and 1.54/1.72 V as shown in Figs. 7.7(a) and (b), which corresponds to Li intercalation and 

de-intercalation into MoO2, respectively [16,19]. The large difference between first and 

second reduction scans are attributed in general to the formation of SEI [16]. 
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Table 7.2. Cyclic performance of 4EG/MoO2 versus graphene/MoO2 composites reported. 

Ref. Synthesis method 
Wt.% of 

graphene 

Reversible capacity (mAh g−1) Current  rate 

(mA g−1) 1st cycle After aging 

 Present study 4EG/MoO2 46 
713 

424 

878 (100th cycle) 

431 (100th cycle) 

100 

1000 

[7] 

Aqueous solution of GO and 

PMA reduced with Hydrazine 

hydrate under  sonication for 

3 h and thus obtained solid 

product was heated at 500 °C 

in a 5% H2/Ar flow for 5 h. 

11.2 342 597 (70th cycle) 1000 

[20] 

GO+AHM dispersed in 

ethanol + HNO3 was  

solvothermally treated at 160 

°C for 16 h. 

10 862 712 (30th cycle) 100 

[21] 

Solution of GO + Ethylene 

Glycol + Mo powder + H2O2 

was heated hydrothermally at 

200 °C for 24 h.  

-- 779 

373 

503 (30th cycle) 

298 (30th cycle) 

100 

500 

[3] 

Hydrothermal reduction of 

GO, AHM and ascorbic acid  

at 180 °C for 10 h followed 

by calcination at 400 °C for 3 

h under argon flow. 

10.4 
429 

400* 

1009 (60th cycle) 

519 (60th cycle)  

100 

500 

[5] 

The solid precursor of GO + 

PMA was heated under 10% 

H2/Ar at 500 °C for 2 h. 

22 
480* 

620 

640 (50 cycles) 

480 (100 cycles) 

200 

1000 

 

[22] 

Thermally reduced GO and 

AHM was heated at 550 C for 

2 h under gases 5% C2H2 and 

95% N2. 

 

51.7 

758 

730 

752 (100 cycles) 

600*(100 cycles) 

100 

1000 

Thermally reduced GO and 

PMA was heated at 550 °C 

for 2 h under N2 flow. 

45.8 
626 

616 

472 (100 cycles) 

440*(100 cycles) 

100 

1000 

Thermally reduced GO and 

PMA was heated at 550 C for 

2 h under 5% H2/N2 flow. 

46.8 
602 

613 

433 (100 cycles) 

500*(100 cycles) 

100 

1000 

[6] 

Solution of GO, AHM, citric 

acid and poly ethylene glycol 

was heated hydrothermally at 

180 °C for 26 h in vacuum. 

33.2 

703 

703  

550 

769 (83 cycles) 

530(1000 cycles) 

497 (50 cycles) 

540 

540 

1040 

[23] 

The precursor obtained from 

solution of GO, AHM, and 

HNO3 by hydrothermally at 

180 °C for 24 h was calcined 

at 600 °C under N2 for 3 h. 

-- 
-- 

440* 

769 (60 cycles) 

400* (5 cycles) 

100 

1000 

*values are approximated from images unless specifically claimed by authors, -- not available, PMA-

phosphomolybdic acid (H3PMo12O40·xH2O) and AHM- ammonium heptamolybdate ((NH4)6Mo7O24·4H2O). 
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The large reduction current observed nearby 0.005 V is due to co-interaction of solvated 

lithium into EG during first cycle and from second cycle onwards only corresponds to Li-

insertion alone. The two CV curves mainly differed in the current (corresponding to the redox 

couple of 2EG/MoO2) which decreased cycle to cycle whilst it increased in the case of 

4EG/MoO2 while the area under the curves of 2EG/MoO2 is noticed to be constant whereas 

the same increased in the case of 4EG/MoO2. In addition, the observed area under the curves 

of the former seems to be smaller in comparison to 4EG/MoO2. The CV curves of 2EG/MoO2 

is an indication for lesser capacity with fading in tune with galvanostatic cycling shown in 

Fig. 7.6(a) and (b). The increased amount of EG has been observed to decrease the current of 

MoO2 redox peaks in 4EG/MoO2 when compared with 2EG/MoO2. The observed decrease 

was compensated with increased area under the curves which is plausibly ascribed to 

electrochemical absorption and desorption of Li onto EG surfaces. CV curves of 4EG/MoO2 

cycled at 100 and 1000 mA g-1 for 100 cycles are shown in Figs. 7.7(c) and (e), respectively. 

Their corresponding diffusion coefficients calculated during 101st discharge and charge are 

shown in Fig. 7.7(d) and (f). As shown in Fig. 7.7(c), features indicating the redox couples 

cannot be observed at all giving rise to a broad hump whose current and area under the curve 

increased enormously after aging at 100 mA g-1. This situation resembles the 

psuedocapacitive property observed for MoO2-RGO hybrid [19]. The respective Li-diffusion 

coefficient values (SI6) showed a nonlinear relation with decreasing tendency during both 

discharging and charging as shown in Fig. 7.7(d). The aging at 1000 mA g-1 is totally 

different from 100 mA g-1 as shown in Fig. 7.7(e). In this case, a slightly broadened redox 

peaks with three fold increase in current are noticed and the area under the curves also 

increased in proportion to redox couple. The respective Li-diffusion coefficient values (SI6) 

are shown in Fig. 7.7(f) which are also found in nonlinear relation. But unlike in the 100 mA 

g-1 case, here a sudden increase and decrease in the diffusion coefficient values are observed 
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during discharge and charge processes, respectively as pointed by arrow marks. This change 

in diffusion coefficient value signifies the Li-intercalation and de-intercalation from MoO2 in 

tune with the inference from CV studies. The overall observations found in CV studies are 

well in agreement with inferences of galvanostatic cycling results shown in Fig. 7.6.  

Retaining of crystallinity by MoO2 after 100th cycle at 1000 mA g-1 as shown in Fig. 7.8(a) 

clarifies the Li intercalation/de-intercalation into MoO2. On the other hand aging at 100 mA 

g-1 (100 cycles, Fig. 7.8(a)) caused total amorphisation of MoO2 which is an indication for 

conversion reactions between MoO2 and Li. As shown in Figs. 7.8(b) and (c), most of the rod 

and flower like MoO2 particles are found almost intact as per the SAED patterns and 

contributed to retention of crystallinity even after 100 cycles of aging at 1000 mA g-1. Thus, 

post cycling ex-situ XRD, electron micrographs and corresponding SAED patterns, CV 

studies and the corresponding Li- diffusion coefficients are consistent with each other and 

clearly indicate that Li- intercalation mechanism is retained at higher current rate cycling 

whilst conversion mechanism preferably takes place at low current rates. But conversion 

reactions involvement seems to be beneficial up to about 60 or 70 cycles from where decay is 

observed for various MoO2, MoO2/C, GO-MoO2 and Graphene-MoO2 composites reported 

similar to the present case as-observed for 2EG/MoO2 (Figs. 7.6 (a) and (b)). However, both 

intercalation and conversion mechanisms could to be promising for enhanced capacity and 

good cyclic performance when an excess amount of graphene is present. Another advantage 

of excess graphene is that it can postpone/prevent the conversion reaction in higher current 

rate applications even for voltage window 0.005–3.0 V as shown in Figs. 7.6 (e) and (f), 

unlike in the case of limited voltage window to 1.0–2.2 V to avoid conversion reaction of 

MoO2 below 0.6-0.8 V [17]. 
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Figure 7.8. (a) Post cycling ex-situ XRD patterns of 4EG/MoO2 (intensities normalized), (b) 

rods and (c) sheets, and corresponding SAED patterns of MoO2 in 4EG/MoO2 that are cycled 

at 1000 mA g-1 for 100 cycles. 

 

In order to understand the Li kinetics and charge transfer mechanisms EIS has been carried 

out on a fresh cell followed by measurements in the discharged and charged states. The 

frequency dependent AC impedance of 4EG/MoO2 at various states are shown in Fig. 7.9 as 

Nyquist plots (–Zꞌꞌ vs. Zꞌ) along with the equivalent circuit into which impedance data fitted 

the best. The equivalent circuit comprised of Re (contact/electrolyte resistance), Rct 

(resistance to charge transfer), CPEdl (double layer capacitance/ constant phase element), 

Warburg diffusion element Ws (lithium diffusional component) and Ci (lithium intercalation 

capacitance). The value of Re fitted to 4.14 Ω at OCV. It later increased slightly to 5.47 Ω 

after first discharge to 0.005 V and once again slightly decreased to 4.14 Ω after first 

charging to 3.0 V. The resistance to charge transfer Rct is found to be 79.32 Ω at OCV which 

is reduced to 59.49 and 14.77 Ω after the first discharge and charge, respectively. The nearly 
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fivefold decrease in impedance for both composites during first charging than discharging 

signifies that the material readily allows lithium to leave it (low resistance to Li extraction). 

The values of CPEdl are found to increase from 38 μF (OCV) to 41 μF (at 0.005 V) and then 

to 320 μF (at 3.0 V) as a consequence of easy de-lithiation in tune with Rct values. The 

overall impedance of 4EG/MoO2 is found nearly one and half time less than 2EG/MoO2 that 

plausibly resulted from excess EG (Annexure 7). The observed values of Ci >1F for 

2EG/MoO2 and <1F for 4EG/MoO2 confirm that lithium intercalation mechanism 

predominates when EG is in lesser amounts in the composite. This is in good agreement with 

the CV results. 

 

Figure 7.9. Nyquist plots of 4EG/MoO2 at various states with the equivalent circuit. 
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Chapter 8    FLG-Complex Metal Oxide (A2Mo3O8, A= Co, Mn 

and Zn) Composites 
 

GTR method is used to obtain few layered graphene (FLG)–complex metal oxide (A2Mo3O8, 

A= Co, Mn and Zn) composites. Carbons of the exfoliating GO are used as an aid to reduce 

metal precursors to A2Mo3O8. As-synthesized composites are used as anode materials in Li 

ion batteries. In 0.005-3 V potential window and at 60 mA/g current density, FLG–

Co2Mo3O8, FLG–Mn2Mo3O8 and FLG–Zn2Mo3O8 composites exhibit high reversible 

capacities of 785, 495 and 630 mAh/g respectively, even at the end of 50th cycle. The 

composites show far better cycling performance and rate capability than Mo-metal cluster 

compound. Amongst the three composites, FLG–Co2Mo3O8 shows excellent capacity 

retention (~87%) and Coulombic efficiency (~98%). Cyclic voltammetry shows that: i) redox 

couples of A2Mo3O8 and ii) electrochemical adsorption and desorption by FLG in the 

composites are responsible for Li storage and release. 

 

Figure 8.1 shows that morphologies of all the samples. Secondary electron (SE) micrographs 

of FLG-Co2Mo3O8 composite powder are shown in Figs. 8.1(a,b). The micrograph depicts 

~65 nm thick hexagonal shaped sub-micron sized particles that are stacked on one another to 

form a group of particles. This arrangement left gaps between such neighboring groups. Fig. 

8.2(a) shows the bright field transmission electron micrograph of FLG-Co2Mo3O8 composite 

platelets. High resolution transmission electron micrograph (Fig. 8.2(b)) confirmed that the 

sample contains crystalline Co2Mo3O8 particles wrapped by FLG.  Similarly, SE micrographs 

of FLG-Mn2Mo3O8 (Fig. 8.1(c, d)) show hexagonal particles with an approximate thickness 

of ~55 nm. These hexagonal shaped nanoplatelet particles are closely packed when compared 

with the FLG-Co2Mo3O8 case. Unlike in FLG-Co2Mo3O8 composite, some of these particles 

are covered by semi-transparent FLG sheets (encircled by a black colored line) as observed in 

Fig. 8.1(d). Fig. 8.2(c) shows the bright field transmission electron micrograph of FLG-

Mn2Mo3O8 composite particles wrapped by graphene layers.  
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Figure 8.1. Secondary electron micrographs of (a,b) FLG-Co2Mo3O8, (c,d) FLG-Mn2Mo3O8 

and (e,f) FLG-Zn2Mo3O8 composites, respectively. 

 

High resolution transmission electron micrograph (Fig. 8.2(d)) also confirms that the 

obtained material is the hexagonal Mn2Mo3O8 mixed metal oxide (d-spacing 0.255 nm 

corresponds to (004) plane) and these particles are wrapped by semi-transparent FLG layers 

(~2-3 layers, marked with a line). SE micrographs of FLG-Zn2Mo3O8 composite are shown in 

Figs. 8.1(e,f). In this case, even though the sample possesses a morphology similar to the 

morphologies shown by FLG-Co2Mo3O8 and FLG-Mn2Mo3O8, particles are observed to 

agglomerate comparatively more. FLG sheets are encircled in Fig. 8.1(f). Fig. 8.2(e) shows 

the bright field transmission electron micrograph of FLG-Zn2Mo3O8 composite.  
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Figure 8.2. (a,c,e) Bright field transmission electron micrographs and (b,d,f) high resolution 

transmission electron micrographs of FLG-Co2Mo3O8, FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 

composites, respectively. 

 

High resolution transmission electron micrograph (Fig. 8.2(f)) also confirms from the 

measured d-spacing that the obtained material is highly crystalline Zn2Mo3O8. One unique 

feature observed on comparing all electron micrographs is that the size and agglomeration of 

the particles are more in the case of high atomic number element A constituting FLG-

A2Mo3O8 composite. The FLG sheets in FLG-A2Mo3O8 composites are not discernable in 
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Figs. 8.1(b) and 1(f). However, they are clearly observed in the bright field and high 

resolution transmission electron micrographs. X-ray diffraction patterns of FLG-Co2Mo3O8, 

FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 (shown in Fig. 8.3) are matched with JCPDS data file 

numbers #34-0511, #34-0510 and #20-0682, respectively.  

 

 

Figure 8.3. X-ray diffractograms of FLG-Co2Mo3O8, FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 

composites. 

 

 

Thermal stability of FLG ̶A2Mo3O8 (A= Co, Mn and Zn) composite is studied in air 

ambience, in the temperature range of 50-1000 ⁰C and at a heating rate of 10 °C/min in order 

to evaluate the amount of FLG present in the respective composite. The calculated weight 

fraction of FLG in FLG ̶ Co2Mo3O8, FLG ̶ Mn2Mo3O8 and FLG ̶ Zn2Mo3O8 composites is 

found as 17.23, 7.70 and 6.74 wt.%, respectively. As shown in Fig. 8.4 all the three 

composites showed weight gain between 400 and 600 °C which corresponds to oxidation of 

A2Mo3O8 [1]. The net weight loss found between 200 and 800 °C which corresponds to the 

decomposition of FLG [2].  
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Figure 8.4. TGA curves of FLG ̶ Co2Mo3O8, FLG ̶ Mn2Mo3O8 and FLG ̶ Zn2Mo3O8 

composites. 

 

Raman spectra in Fig. 8.5 show D (~1360 cm-1), G (~1599 cm-1) and very weak and 

broadened 2D (~2700 cm-1) bands which confirm the presence of FLG in all three 

composites. D-band’s high intensity is due to the presence of many defects in the material 

resulted due to annealing and the presence of complex MO. High intensity of G-band than D-

band indicates the presence of more number of regular carbon hexagons which in turn implies 

that FLG is of good quality. For crystalline A2Mo3O8 (space group, P63mc), a maximum of 

15 Raman active modes (3A1+6E1+6E2) are allowed [3]. Raman spectrum of FLG-A2Mo3O8 

composite shows 13 peaks and among which 11 of the expected 15 Raman modes correspond 

to A2Mo3O8. Based on the available literature [4], the bands at 360 and 435 cm-1 are assigned 

to (O-(Mo-Mo)cluster-O) and (Mo-O-Mo) bending vibrations, respectively [3]. The peaks at 

and below 326 cm-1 are assigned to A-O bending vibrations of the AO4-tetrahedra and AO6-

octahedra in the structure. Other higher order combinational modes are also observed at 726, 

809 and 928 cm-1. The measured BET surface area and porosity values pertaining to FLG-

Co2Mo3O8, FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 composites are listed in Table. 8.1 whilst 

N2 adsorption and desorption isotherms pertaining to the composites are shown in Fig. 8.5. 

All isotherms (Fig. 8.6) resemble the type IV isotherm of IUPAC standard adsorption-
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desorption isotherms. The measured pore size values categorize the composites into 

mesoporous materials. This is owing to the enhanced particle size and agglomeration of 

particles in the case of higher atomic number elements which in turn leads to the decrease in 

surface area of the corresponding composite. Low specific surface area is also owing to the 

high annealing temperature which leads to densely packed hexagonal crystal system of the 

major A2Mo3O8 phase in the respective composites. Nonetheless, amongst the three 

composites, FLG-Co2Mo3O8 composite exhibited superior BET surface area. 

 

Figure 8.5.  Raman spectra of FLG-Co2Mo3O8, FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 

composites. 

 

Table 8.1. BET surface area, average pore size and average pore volume of FLG-Co2Mo3O8, 

FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 composites. 

Composite BET Surface Area 

(m2/g) 

Average Pore Size 

(nm) 

Average Pore Volume 

(cm3/g) 

FLG-Co2Mo3O8 14.42 9 0.0319 

FLG-Mn2Mo3O8 3.49 14 0.0121 

FLG-Zn2Mo3O8 2.76 8 0.0057 
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Figure 8.6. N2 adsorption and desorption isotherms of (a) FLG-Co2Mo3O8, (b) FLG-

Mn2Mo3O8 and (c) FLG-Zn2Mo3O8 composites. 

 

The voltage versus capacity profiles of FLG-Co2Mo3O8 composite at 60 mA/g current density 

are shown in Fig. 8.7(a). It is observed that the first discharging curve is steeper starting from 

the open circuit voltage (OCV ~2.61 V) with a negligible change in slope up to 1.5 V. 

Thereafter slope changed continuously until 0.005 V. Change in slope is noticed at 1.25, 0.9 
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and 0.7 V and a continuous plateau is observed beyond 0.5 V which is in good agreement 

with CV results shown in Fig 8.7(b).The typical slope change between 0.9-0.7 V is attributed 

to irreversible reaction between Li+ and FLG-Co2Mo3O8 and initial electrolyte decomposition 

which leads to the formation of solid electrolyte interphase (SEI) [5,6]. The first charging 

curve is steeper up to 1.25 V and thereafter there is a change in slope while a second change 

is noticed around 1.75 V which continued until the voltage became 2.0 V from which point 

the charging curve once again became steeper up to a final voltage of 3.0 V with negligible 

changes in slope. This is again consistent with CV results. The subsequent cycles showed 

similar features as that of the first cycle except for a slight decrease in capacity value as the 

cycle number increased. 

 

Figure 8.7. (a) GC at 60 mA/g and (b) CV results of FLG-Co2Mo3O8. 

The first cycle total discharging and charging capacities of FLG-Co2Mo3O8 are 1355 and 907 

mAh/g, respectively. These values are greater than the corresponding values pertaining to 

pure Co2Mo3O8 as reported in our previous publication [5]. This is expected due to good 

interaction between two dimensional (2D)-Co2Mo3O8 and FLG (as observed in Fig. 8.2 (d)) 

and presence of FLG which facilitates a conducting network for electrolyte to get adsorbed 

throughout the composite which in turn enhances Li-ion transportation in the composite. The 

capacity values at different current densities are given in Table 8.2. The net difference (~448 

mAh/g) between first discharge and charge is considered as irreversible capacity loss (ICL) 
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that normally originates from SEI formation in which Li is irreversibly trapped at the anode 

owing to the formation of covalent compounds [5,6]. ICL values at current rates of 60, 90 and 

180 mA/g are found to be 448, 402 and 330 mAh/g, respectively whilst Coulombic 

efficiencies (QEs) are more than 67% at all the considered current densities. FLG-Co2Mo3O8 

composite has shown excellent cycling behavior. 

Table 8.2. Specific capacity (mAh/g) of FLG-Co2Mo3O8, FLG-Mn2Mo3O8and FLG ̶ 

Zn2Mo3O8 composites at different current densities and different discharging (D) and 

charging (C) cycles. 

 

Current Rate 

60 (mA/g) 90 (mA/g) 180 (mA/g) 

Composite 1D 1C QE% 1D 1C QE% 1D 1C QE% 

FLG-Co2Mo3O8 1355 907 67 1229 827 67 895 599 67 

FLG-Mn2Mo3O8 1361 937 69 1349 942 70 1368 905 66 

FLG ̶ Zn2Mo3O8 845 448 53 787 403 51 738 351 48 

 50D 50C QE% 50D 50C QE% 50D 50C QE% 

FLG ̶ Co2Mo3O8 808 785 97 762 733 97 622 607 98 

FLG ̶ Mn2Mo3O8 505 495 98 523 512 98 530 518 98 

FLG ̶ Zn2Mo3O8 639 630 98 554 545 98 590 579 98 

D-Discharge cycle, C-Charge cycle, QE%-Coulombic efficiency 

  

QEs fluctuated around 98% up to 50 cycles as shown in Fig. 8.8 while the capacity retentions 

at the end of the tests are found to be greater than 85%. CV characteristics of FLG-Co2Mo3O8 

during both cathodic and anodic scans are shown in Fig. 8.7(b) for the first six cycles. In the 

1st cathodic scan two main reduction current peaks are observed, a small peak around 0.7 V 

and a broad peak between 0.5 to 0.005V with increasing current. From 2nd cycle onwards 

these peaks are centered at 0.68 and 0.15V with constant reduction currents which correspond 

to Li intercalation into both FLG and Co2Mo3O8 which are active to take Li in this voltage 
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range [5]. The large current difference between 1st and 2nd scans and peak shift towards lower 

voltages are attributed to SEI formation as well as electrode formation effect [5-7]. Another 

two new reduction peaks at 1.25 and 1.53V (which were feebly visible during 1st cathodic 

scan) became prominent. Evolution of these peaks might be originated from MoO2 formed 

during 1st cycle through crystal structure destruction of Co2Mo3O8 during Li insertion (1st 

reduction) that eventually leads to formation of metal nanoparticles in amorphous Li2O phase 

(during 1st discharge) and conversion of these metal nanoparticles to metal oxides (during 1st 

charging) according to Equ. 8.1 (after 1st discharge) [5].  

Co2Mo3O8 + 16 Li+ + 16 e- → 2 Co˚ + 3 Mo˚ + 8 Li2O                                                         (8.1) 

 

Figure 8.8. Cyclic performance of FLG-Co2Mo3O8 at 60, 90 and 180 mA/g. 

There are only two peaks observed at 1.45 and 1.76 V in the case of Co2Mo3O8 during the 

first anodic scan wherein the current decreased up to 3rd scan and then became constant in 

later scans with a slight shift in the peak position towards higher potential. The redox couples 

at 1.53/1.76 and 1.25/1.45 V correspond to phase transition of MoO2 due to partial lithiated 

LixMoO2 phase from monoclinic phase to orthorhombic phase and from orthorhombic phase 

to monoclinic phase during Li insertion and extraction process, respectively [8,9]. The 
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constant area under these redox curves is in tune with stable cyclability whereas decrease in 

current of oxidation peaks indicates light capacity fading as observed in GC results while the 

overall CV features of FLG-Co2Mo3O8 are consistent with GC results. GC profiles (at 60 

mA/g) of FLG-Mn2Mo3O8 are shown in Fig. 8.9(a). The 1st discharging curve is steep from 

OCV (~2.06V) to 1.0 V including a negligible slope change around 1.5V while the typical 

slope change corresponding to SEI formation is observed around 0.9V. The curve further 

declined with this gradient until a final change in slope is observed at 0.25V. Thereafter a 

long voltage plateau up to the cut-off voltage of 0.005V is observed. The 1st charging curve 

has major slope changes between 1.2 and 2.0V and beyond this voltage range the curve is 

steeper on either end sides of the charging. The slope changes observed during the 1st 

discharging and charging are in good agreement with CV current peaks (Fig. 8.9(b)). The 2nd 

and subsequent discharging and charging curves are found similar to the1st discharging and 

charging curves but a gradual decrease in capacity is observed. During the 1st cycle high 

reversible capacities in the range 905-942 mAh/g are observed with ICL values in the range 

407-463 mAh/g which correspond to QEs in the range 66-70% which soon fluctuated 

between 97-98% resulting in capacity retentions of 53-57% as shown Table 8.2. 

 

Figure 8.9. GC at (a) 60 mA/g and (b) CV results of FLG-Mn2Mo3O8. 

The gradual decay in capacity values are observed despite of high reversible capacities and 

QEs (Fig. 8.10). This is primarily linked to the formation of non-reducible Mn2+ ions which 
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act as an inert matrix. This is also found true from the corresponding CV results wherein 

there is no oxidation peak around 1.2 V which corresponds to Li release by forming MnO [3]. 

However the rapid capacity-fading associated with cycling of bare Mn2Mo3O8 as reported in 

our previous publication [3] has now gradually decayed due to the presence of FLG. 

However FLG-Mn2Mo3O8 demands further modification to achieve constant capacity 

throughout the cycling similar to the case of FLG-Co2Mo3O8. 

 

Figure 8.10. Cyclic performance of FLG-Mn2Mo3O8 at 60, 90 and 180 mA/g. 

The increased current features with cycling as-observed in CV results of FLG-Mn2Mo3O8 are 

contradictory to the GC profiles in which continuous capacity decay is observed. This 

observation is a plausible outcome of very slow rate kinetics of lithiation due to a very low 

scanning rate of 58 μV/s (kinetic limitations) and this phenomenon might be very effective on 

FLG-Mn2Mo3O8. However positions of various current peaks during both redox cycles do 

match well with galvanostatic profiles. During the 1st reduction scan there are two small 

peaks which correspond to Li insertion into Mn2Mo3O8 and are found around 1.55 and 1.25 

V. The intensity of these peaks increased from 2nd cycle onwards which might be due to 

increased interaction between Li and MoO2 to form metallic Mo and Li2O according to the 

Equs. 8.2 and 8.3 [3]. Further, major changes in 1st reduction curve are found at 0.76, 0.5 and 
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0.005 V. But these changes are not discernable from 2nd cycle onwards and could be ascribed 

to SEI formation. Among these, the peak nearby 0.005 V that might be related to Li 

intercalation into FLG appears to be very large which is consistent with large horizontal line-

like feature of 1st discharging curve found in galvanostatic profile. From 2nd cathodic scan 

onwards there are two extra peaks with increasing intensity, one at 1.71 V which is small and 

the other at 0.37 V which is large and both these peaks correspond to Mn2Mo3O8 [3].  In the 

1st anodic scan there are three oxidation peaks of Mn2Mo3O8 at 1.45, 1.72 and 1.8 V whose 

intensity also increased till the end of the CV test. The overall redox couples observed in 

between 1-2 V correspond to either Li intercalation into MoO2 or conversion reactions 

between Li and MoO2 [3]. These oxidation peaks are fitting well in the range 1.2-2.0V in 

which slope of the charging curves changed as observed in galvanostatic profile as reported 

earlier [3,10]. 

Mn2Mo3O8 + 12 Li+ + 12e- → 2 MnO + 3 Mo˚ + 6 Li2O                                               (8.2) 

   Mn2Mo3O8 + 6x Li+ + 6x e- → 2 MnO +3 MoOy+ (3x) Li2O (0<y<2.0; (x+y)=2.0)      (8.3) 

The voltage versus capacity profiles of FLG-Zn2Mo3O8 at the current rate of 60 mA/g are 

shown in Fig. 8.11(a). These profiles appeared similar to Co- and Mn-Mo clusters but with a 

trend of increasing capacity. During the 1st discharging (from OCV ~2.51V) the slope of the 

curves started to change below 1.5 V. However the change is clearly observed at 0.9 V 

corresponding to SEI formation. Further change in slope continued up to 0.25V beyond 

which the curve remained unchanged as voltage decreased to 0.005 V. The first charging 

curve is consistently steep up to 1.4 V then it is accompanied by three voltage plateaus at 1.5, 

1.7 and 2.0 V and beyond which it is raised to 3.0V. The 2nd and subsequent discharging 

curves are slightly different from 1st discharging curves but their capacity values kept on 

increasing as cycling continued and changes in slope became more distinct as per the 
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reduction current peaks observed in CV results (Fig. 8.11(b)). The second and few 

subsequent charging curves are found similar to the first charging case but the capacity 

increased as number of cycles increased while the voltage plateaus are observed between 1.4-

2.1 V in agreement with CV oxidation peaks which are absent and curves in this region are 

flat after 15th cycle. The observed reversible capacities are in the range 351-448 mAh/g have 

caused to bag initial QEs in the range 47-53%. The increase in capacity might be resulted 

from formation cycle effect [6] and a series of conversion and alloying reactions of 

Zn2Mo3O8 according to Equs. 8.4-8.7 [8] those are not taking place during the first few 

cycles. As a consequence, an increase in capacity to more than 40% of the first charging 

capacity is observed at the end of the test as shown in Fig. 8.12 and Table 8.2.  

 

Figure 8.11. GC at (a) 60 mA/g and (b) CV results of FLG-Zn2Mo3O8. 

CV characteristics of FLG-Zn2Mo3O8 up to 6thcycle are shown in Fig. 8.11(b). There are 

three small peaks observed at 1.55, 1.33 and 1.25 V during first cathodic scan followed by 

broad peaks with large current around 0.75, 0.25 and nearby 0.005 V. There is an extra small 

peak at 1.87 V from the second cycle onwards in addition to existing peaks between 1.55 and 

1.25 V. But current of all these peaks increased consistently. Further, the peak at 0.25V 

seems to be shifted to 0.62 V through an intermediate peak at 0.4 V for which current also 

increased cycle to cycle whilst the peak current nearby 0.005V reduced. This might be related 

to Li intercalation into FLG. During first and subsequent cathodic scans three peaks with 
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increasing current are observed at 1.44, 1.71 and 2.04 V along with a small hump below 0.3 

V which plausibly corresponds to Li deintercalation from FLG. Thus, consistent increase in 

current of various redox peaks of Zn2Mo3O8 between 1.1 and 2.1 V including MoO2 peaks 

indicated capacity increase as observed in galvanostatic profile. 

 

Figure 8.12. Cyclic performance of FLG-Zn2Mo3O8 at 60, 90 and 180 mA/g. 

Zn2Mo3O8 + Li+ + e-→ Li(Zn2Mo3O8)                                                                                      (8.4) 

Li(Zn2Mo3O8) + 15 Li+ + 15 e-  → 2 Zn + 3 Mo˚ + 8 Li2O                                                 (8.5) 

2 Zn + 2 Li+ + 2 e-↔ 2 ZnLi                                                                                                        (8.6) 

2 Zn + 2 Li2O ↔ 2 ZnO + 4 Li+ + 4 e-                                                                                       (8.7) 

EIS results of FLG-Co2Mo3O8, FLG-Mn2Mo3O8 and FLG-Zn2Mo3O8 composites are plotted 

as Nyquist plots and their corresponding equivalent circuits are shown in Fig. 8.12. The 

impedance data of FLG-Co2Mo3O8 and FLG-Mn2Mo3O8 are best fitted to equivalent circuit I 

while the data of FLG-Zn2Mo3O8 was fitted to the simple equivalent circuit II as shown in 

Fig. 8.12(d). The contact (solvent) resistance Re [11] of all three compounds is found in 

between 2.3 and 6.8 Ω as shown in Table 8.3. The resistance to charge transfer Rct [11] is 

found to be different for the three composites.  
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Figure 8.13. Nyquist plots of (a) FLG-Co2Mo3O8, (b) FLG-Mn2Mo3O8, (c) FLG-Zn2Mo3O8 

and (d) their equivalent circuits (for fitting). 

 

The Rct values of FLG-Co2Mo3O8 are found to be lower than those of the other two 

composites. This is expected owing to presence of higher amount of FLG in FLG-Co2Mo3O8 

composite. Moreover, these values decreased under both charging and discharging in the case 

of FLG-Co2Mo3O8 but in the case of the other two composites, a slight increase in Rct value 

was followed by a substantial decrease in the value under discharging and charging states, 

respectively as shown in Table 8.3. The double layer capacitance CPEdl [11] values of FLG-

Co2Mo3O8 and FLG-Zn2Mo3O8 are found to first decrease when discharged and increase 

when charged whilst continuous decreasing trend is observed in the case of FLG-Mn2Mo3O8. 

The circuit element Rb that represents bulk resistance [11] decreased in the case of FLG-

Co2Mo3O8 composite while it increased in the case of FLG-Mn2Mo3O8 composite. Another 

circuit element CPEb that represents double layer capacitance [11] increased in the case of 
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FLG-Co2Mo3O8 composite while it first increased and then decreased in the case of FLG-

Mn2Mo3O8 composite. Intercalation capacity Ci [11] in all the three cases is found very small 

while Warburg element Ws (resistance to Li ion diffusion) is found relatively very high when 

compared to Re and Rct. The relatively very low Rct value during charging signifies easy 

removal of Li ions that aided in bagging high reversible capacities. Very low value of Ci 

indicates that Li storage preferably takes place either by redox couples of Mo-clusters or 

electrochemical adsorption by FLG. 

 

Table 8.3. EIS results of FLG-Mo-clusters at OCV, discharged and charged states. 

Composite/Condition Re (Ω) Rct (Ω) 
CPEdl 

(µF) 
Rb (Ω) CPEb(mF) Ci (F) 

FLG-Co2Mo3O8 

Fresh cell 
5.9±0.09 9.9±0.2 18.9±0.4 58.5±0.03 0.19 0.009 

FLG-Co2Mo3O8 

Discharged state 
6.2±0.01 5.1±0.1 8.9±0.3 54.1±0.1 0.23 0.428 

FLG-Co2Mo3O8 

Charged state 
6.2±0.02 4.8±0.5 83±1.8 30.8±0.4 26 0.095 

FLG-Mn2Mo3O8 

Fresh cell 
2.3±0.14 51.3±0.8 174 ±1.5 4.2±2.1 0.7 0.037 

FLG-Mn2Mo3O8 

Discharged state 
4.7±0.01 53.3±0.2 45 6.2±0.5 53 0.512 

FLG-Mn2Mo3O8 

Charged state 
4.4±0.07 5.2±3.4 7.7 13.2±3.4 0.41 0.157 

FLG-Zn2Mo3O8 

Fresh cell 
4.2±0.02 54.8±0.5 111.7±6.3 -- -- 0.024 

FLG-Zn2Mo3O8 

Discharged state 
6.8±0.03 53.6±0.7 44.7±1.5 -- -- 0.788 

FLG-Zn2Mo3O8 

Charged state 
4.8±0.15 9.7±0.52 146±3.5 -- -- 0.375 
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Chapter 9    MgO Decorated FLG 
 

Morphology and crystallinity of MgO decorated few-layred graphene (FLG) is a part of 

another study [1]. However, for convenience a brief discussion is presented here. 

Morphological studies showed that nanosized MgO fragments decorated FLG at several 

locations. Figures 9.1(a) and (b) show the images of MgO (bright spots) decorated graphene 

sheets. Further, semi-transparent FLG cube-like features with varying sizes are also observed 

as shown in Figs. 9.1(c) and (d). Diffraction and Raman scattering analyses showed the 

presence of MgO and FLG in MgO decorated FLG. 

 

Figure 9.1. (a,b) FESEM images of the MgO decorated FLG, (c,d) transparent and semi-

transparent FLG cube-like features. HRTEM images of MgO nanoparticle wrapped by (e) bi-

layered graphene and (f) an edge of FLG cube. 
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Raman analysis showed that there are about 6 graphene layers in each FLG feature in 

agreement with TEM images of FLG shown in Figs. 9.1(e) and (f). In Fig. 9.1(e), TEM image 

shows that MgO nanocube is fully wrapped by bi-layer graphene sheets. This morphology 

explains the reason for the retention of MgO nanoparticles even after the acid treatment. 

Recent experimental and theoretical works showed that graphene is a perfect insulating 

membrane to various kinds of chemical species. It will not even allow H+ ions to pass 

through its aromatic rings [3]. Thus graphene acts like protective coating to MgO and 

prevents its decomposition by acids like HCl. Before conducting the battery performance 

tests, elemental composition (Table 9.1) of the sample was obtained. It revealed that carbon 

and MgO are present in 70:30 wt.%. This composition is in close agreement with thermo 

gravimetric analysis (TGA) (Fig. 9.2) of the sample carried out in air in order to evaluate 

amount of MgO.  

 

Table 9.1. Elemental composition of FLG/MgO obtained from energy dispersive x-ray 

analysis of K x-ray lines of the corresponding elements. 

Element  Weight % Atomic % 

C 68.66 77.13 

O 18.98 16.01 

Mg 12.36 6.85 

 

 

Figure 9.2. TGA curve of the MgO decorated FLG. 
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As shown in Fig. 9.2, the composite is found to be stable up to 550 °C whilst maximum 

decomposition is observed between 600 and 700 °C which corresponds to total weight loss of 

77%. Beyond this temperature no more decomposition is observed and ~23 wt.% of residual 

MgO is measured. The high negative zeta potential value (-49.2 mV at pH = ~7, Fig. 9.3) 

measured for the sample indicates strong negative charge on the sample’s surfaces. This 

value is slightly greater than the value of pure graphene materials and this might be resulted 

from presence of negatively charged MgO [4-6]. The high zeta potential value also implies 

that individual graphene sheets decorated with MgO will show good stability when dispersed 

in aqueous solutions [4-6]. This will facilitate easy fabrication of anodes. However for 

convenience these observations are again discussed in this work while comparing them with 

the observations after battery performance tests. 

 

 

Figure 9.3. Zeta potential value of MgO decorated FLG. 

 

MgO decorated FLG shows very stable and similar discharge-charge versus voltage profiles 

for current rates at 0.1, 0.5 and 1.0 C as shown in Figs. 9.4(a), (b) and (c), respectively. 

During first discharge, irrespective of current rate, the slope of the curve is consistent up to 1 

V and from there it changed drastically to form a long plateau region around 0.9-0.7V that 

extended up to ~1350 mAh/g. Further, the discharge curves display continuous change in 

slope until voltage attained a final set value of 0.005 V. The first and next subsequent 
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charging curves are found to be similar except for a slight decrease in capacity followed by 

an increase with an increase in cycle number. All charge curves are observed to undergo a 

subtle variation in slope below 0.5 V and above 2.5 V whilst the remaining portion of the 

curves resembled a straight line. In contrast to the behavior during first discharge, long 

plateau region is not at all observed during second discharging whilst the slope of the curve 

(below 1.0 V region) continuously changed similar to the cases of various graphene materials 

[7-10] and carbon nanotubes [11-14] (Fig. 9.4(d)) and their composites [15]. The third and 

next successive discharging curves are similar to the second discharge curves and the change 

of capacity value is identical to that obtained using charging curves. The large plateau feature 

observed in the case of MgO decorated FLG is absent in the case of graphene obtained by 

various methods in which slope of first discharge curve changes continuously [7-10]. This 

type of characteristic long plateau feature is however observed in the case of various kinds of 

carbon nanotubes (CNTs) [11-14] and multi-walled carbon nanotubes (MWCNTs) that are 

also tested in this work at 0.25 C for comparison purpose and shown in Fig. 9.4(d). The 

initiation of the plateau region around 0.9 V could be ascribed to the formation of solid 

electrolyte interphase (SEI) which results from typical initial solvent decomposition where in 

Li irreversibly inserted as covalent compounds like Li2O and Li2CO3 etc. [16]. This unusual 

large plateau around 0.9-0.7 V that extends up to very high capacity could be ascribed to high 

specific surface area and high porosity. Conversion of MgO to amorphous phase (by 

enhancing solvent decomposition on its active surfaces) could also contribute to the above 

mentioned large SEI as indicated by the XRD analysis (to be discussed). The mesopores with 

large pore volume (~0.9 cm3/g) can intake more electrolyte solvent which eventually 

decomposes more electrolyte leading to large SEI similar to that observed in the case of 

carbon nanotubes [13]. 



MgO Decorated FLG 

128 
 

 

Figure 9.4. Charging-discharging characteristics of MgO decorated FLG at current densities 

(a) 0.1 C,  (b) 0.5 C, and (c) 1.0 C. (d) Charging-discharging characteristics of MWCNTs at 

0.25 C. 

 

The specific surface area and porosity distribution which are connected to large SEI 

formation in the present study are probed with N2 adsorption and desorption onto fresh MgO 

decorated FLG powder followed by BET formulation. A large hysteresis was observed 

between N2 adsorption and desorption isotherm curves pertaining to the sample as shown in 

Fig. 9.5(a) and this type of behaviour illustrates material's high porosity. BET and Langmuir 

surface areas obtained for the sample are ~394±2.4 m2/g and ~921±43 m2/g, respectively. 

The average pore volume and pore diameter calculated are ~0.869 cm3/g and ~8.82 nm, 

respectively. It may not be possible to distinguish the individual contributions of graphene 

and MgO to total surface area as both are capable of showing very high specific surface areas 

for example graphene can show very high experimental value to theoretical value of 2630 
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m2/g [17] while MgO's experimental area reported in the range of 50-600 m2/g [18-21]. But 

high negative zeta potential and battery testing results in this present study clearly indicate 

that MgO surfaces contain either highly catalytic nature or defects which might also lead to 

this high surface area in addition to the contribution from FLG. Interaction of Li (or 

electrolyte molecules) with MgO decorated FLG was also indicated by Raman scattering 

analysis (Fig. 9.5(b)).  After cycling, the positions of typical Raman bands (D, G and 2D-

bands) are found to be unaltered except for the intensity of G-band which decreased whilst 

2D-band enormously broadened. These observations are indicative of the interaction of Li (or 

electrolyte molecules) with the active material. Starting material exhibited an intensity (I) 

ratio ID/IG of ~0.49 which increased to ~0.92 after 100 cycles of battery testing at 2 C. The 

increase in ID/IG ratio indicates the increase in defects or disorder [22] that might be owing to 

the continuous insertion and extraction of Li ions which eventually increases interplanar 

distance between individual graphene sheets. This complimented well with the inferences 

from diffraction studies on the material after battery testing. 

 

Figure 9.5. (a) N2 adsorption and desorption isotherms of MgO decorated FLG; (b) Raman 

spectra of MgO decorated FLG before and after galvanostatic cycling. 

 

The XRD pattern obtained from the sample after galvanostatic cycling test is totally different 

from the original pattern as shown in Fig. 9.6. The first discharged state pattern showed that 

most of the MgO crystalline phase converted to amorphous. This conversion might be 
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resulted from decomposition of electrolyte molecules which consumes oxygen of MgO to 

form covalent compounds like Li2O and LiOH etc. which eventually builds up SEI [16]. The 

observed conversion might be aided by highly catalytic natured surface of MgO and its 

unique surface chemistry might also play key role in this conversion [19]. The observed 

crystal destruction of MgO might be due to loosely bounded edge sharing oxygen anions 

which could be diffused out from MgO by leaving Mg2+ ions dispersed in anode matrix. The 

observed large unusual SEI which is absent for various graphene materials referred in this 

study might not be possible without MgO's contribution. Now it is clarified that conversion of 

MgO to amorphous could also be ascribed to large SEI formation in addition to FLG's 

reducing nature. Moreover Mg2+ ions easily diffuses deep into anode matrix as their ionic 

radius equivalent to Li+ ions and presence of well dispersed Mg2+ ions is proved to enhance 

electrochemical properties by improving electronic and ionic conductivity [23,24]. The 

graphitic (002) diffraction peak of fresh MgO decorated FLG is found at ~26° which became 

very broad and appeared like hump that centered around 23° after first discharge. Further 

shifting and broadening of graphitic peak towards 20° is observed with increase in cycle 

number as shown in Fig. 9.6. This broadening and shifting is an indication of increase in 

interplanar distance (d-spacing) of graphene sheets. The observed increase in d-spacing 

plausibly resulted from further exfoliation of graphene sheets due to continuous lithiation and 

de-lithiation (electrochemical exfoliation). This observation correlates well with the 

inferences from Raman scattering and TEM analyses. Inferences from the XRD and Raman 

data are further supported by inferences from electron microscopy results as shown in Fig. 

9.7. After battery testing (Figs. 9.7(c) and (d)) MgO is not distinctly observed due to its 

conversion to a different phase during cycling. Increase in d-spacing in the case of graphene 

after cycling is also observed. Selected area electron diffraction (SAED) pattern of the sample 

after cycling clearly indicates the conversion of MgO into a different amorphous phase. 
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Figure 9.6. XRD pattern of MgO decorated FLG: (a) before galvanostatic cycling, (b) after 

1st discharge to 0.005 V, (c) after 35th discharge to 0.005 V and (d) after rate performance. 

 
 

 

Figure 9.7. (a) HRTEM image of MgO decorated FLG with IFFT image in the inset and (b) 

SAED pattern of MgO decked Graphene before cycling; (c) HRTEM with IFFT image of 

FLG in the inset and (d) SAED pattern of FLG after cycling. 
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A very high first discharge capacity around 3295, 3391, 3261 mAh/g is observed for 

complete discharge to 0.005 V at 0.1, 0.5 and 1.0 C, respectively. The respective reversible 

capacities are found to be 1052, 962 and 887 mAh/g during first charge to 3.0 V. Even 

though Li reversibility is only 28-32% during first cycle, the corresponding capacity value is 

quite large compared to graphite's theoretical capacity (372 mAh/g). A net 70% capacity loss 

(about 2200-2300 mAh/g) between first discharge and charge is considered as irreversible 

capacity loss (ICL) that could plausibly resulted from large SEI like in carbon nanotubes [12] 

along with Li that covalently bonds  with free dangling carbons at edges and defects of 

graphene layers [25,26]. Below 0.5 V, the continuous change in slope of second and 

subsequent discharging and charging curves indicates that there is feeble amount of Li 

(de)intercalation type mechanism contributing to total discharge and charge capacities while 

maximum Li storage is credited to electrochemical absorption and desorption complying with 

CV results (Fig. 9.8). 

MgO decorated FLG as an anode material in LIBs has shown excellent cycling performance 

as shown in Figs. 9.8(a), (b), and (c). Respective details are furnished in Table 9.2. At low 

current rate of 0.1 C, reversible capacity around 1052 mAh/g that corresponds to first cycle is 

faded slowly to 797 mAh/g at 33rd charge cycle and finally increased to 869 mAh/g at the end 

of the test. The initial decrease in capacity can be attributed to long time solvent 

decomposition and an eventual desirable increase might be due to either proper percolation of 

electrolyte which enhances Li reversibility known as cycle formation effect [27] or increased 

interplanar distance between graphene sheets that can create extra active surface area 

available for additional Li storage [28]. Even Mg2+ ions dispersion in anode matrix which 

enhances electronic and ionic conductivity could also be contributed to capacity increase as 

inferred from XRD results. Coulombic efficiency (QE) is increased randomly in case of 

lower current rate but at higher current rates it increases constantly. Very low QE values in 
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between 26.92 and 32.26% during first cycle are increased to ≥ 82 % in second cycle and 

soon became > 95% after 16th cycle and finally reaching 97-98% from 35th cycle onwards in 

all the three cases as shown in Figs. 9.8(a), (b) and (c). 

 

Figure 9.8. Cyclic performance at (a) 0.1 C, (b) 0.5 C, (c) 1.0 C and (d) rate capability of 

MgO decorated FLG. 
 

Table 9.2. Cycling performance of MgO decorated FLG at various current densities. 

Current Rate 1st DCI 1st CCII 1st QE% 60th DC 60th CC 60th QE% 60th CRIII 

0.1 C 3295 1052 32.26 893 869 97.31 82.65 

0.5 C 3391 962 28.36 850 823 96.85 85.60 

1.0 C 3261 887 26.92 721 703 97.65 79.31 
IDischarge Capacity (mAh/g, ±5), IICharge Capacity (mAh/g, ±5), IIICapacity Retention % 

 

Rate performance test is carried out with battery cycled at 1.0 C current rate as shown in Fig. 

9.8(d). In this rate capability test MgO decorated FLG proved to be an excellent anode 

material for high current applications as it has shown reversible capacity of more than 460 

mAh/g even at very high current rate of 5.0 C (1860 mA/g) which is slightly greater than the 

theoretical capacity of graphite. A significant increase in capacity is observed after changing 
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current rate from high to low i.e., from 1.0 to 0.1 C and 5.0 to 0.1 C as shown in Fig. 9.8(d). 

To further confirm whether this capacity increase is sustained over long range cycling, the 

battery that was cycled at 0.5 C is tested at higher current rates starting from 5.0 to 1.0 C as 

shown in Fig. 9.9. In this case capacity increased by a significant amount to 1619 mAh/g 

even at 1.0 C at the end of the test. This increase might be a result of electrochemical 

exfoliation of graphene sheets (increased d-spacing as indicated by diffraction and Raman 

scattering analysis). This seems to be more at higher current rate and capable of bringing 

extra Li into active traverse between electrodes. Exfoliation of graphene sheets is proven to 

create additional room (increase in active specific surface area) for increased Li adsorption 

onto their surfaces [28]. This kind of increase in capacity due to volumetric changes caused 

by exfoliation of graphene sheets was observed in the case of carbon nanofibers [28] upon 

long term cycling but in the case of MgO decorated FLG it is observed at a much early stage 

of aging. Here the surfaces of MgO nanoparticles which are expected to possess highly 

catalytic nature are activated by defects like O−
, O2

−
 etc. [18] are expected to avoid Li dendrite 

formation by decreasing the repulsive interactions between Li-Li ions like electron deficient 

dopants do in the case of modified graphene [29]. Thus MgO nanoparticles are also 

reasonably supporting sustainability of anode with enhanced capacity. 

 

Figure 9.9. Long-term cycling of MgO decorated FLG at (a) 5.0 C, (b) 4.0 C, (c) 3.0 C, (d) 

2.0 C and (e) 1.0 C. 
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Cyclic voltammetry results of MgO decorated FLG for first 6 cycles are shown in Fig. 9.10. 

During first cathodic scan there are two large reduction current peaks observed at 0.69 V 

which corresponds to SEI formation and at 0.005 V that related to co-intercalation of the 

solvated lithium ions into FLG [30]. Starting from the very first anodic scan no significant 

oxidation current peak is observed except a small hump around 0.1 V with feeble increase in 

current. From 2nd cathodic scan onwards there is only one reduction current peak is noticed 

nearby 0.005 V that related to Li insertion into FLG [31]. Absence of large reduction current 

peak around 0.69 V from 2nd cycle could be attributed to SEI formation on electrode surface 

which is in good agreement with large plateau region observed in galvanostatic cycling which 

in turn results in high ICL value. The constant redox current at all voltages between 0.5 and 

3.0 V might be originated as a consequence of fast faradaic reactions taking place on the 

surface of graphene sheets i.e. redox currents of Li owing to electrochemical absorption and 

desorption onto graphene planes or defects in it (pseudocapacitance) [25,32]. From the 4th 

cycle onwards the decrease in redox current is negligible and curves are overlapped strongly 

with each other and this can explain stable capacity behaviour of MgO decorated FLG as 

seen in galvanostatic cycling results. Thus overall, absence of strong redox couple indicates 

that solid-state intercalation/diffusion of Li is not taking place [33]. 

 

 

Figure 9.10. Cyclic voltammetry results of MgO decorated FLG. 
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Theoretical capacity of graphene varies based on the Li adsorption mechanisms which are 

adsorption on both sides [34] of graphene and double [35] layer formation between two 

successive graphene sheets which have a high reversible capacity of 744 mAh/g. In the case 

of MgO decorated FLG it is ~1100 mAh/g (at 0.1C) which is the case of triple [36] layer 

formation of Li ions in-between graphene sheets. Here Li storage at edges and defects will 

contribute the least to the capacity as the quality of FLG is very good. The reversible capacity 

increased to ~1600 mAh/g at 1C owing to electrochemical exfoliation of FLG. This capacity 

value suggests that there is a possibility of the formation of four Li ion layers, the feasibility 

of which is not yet reported. These unusual Li storage phenomena might take place due to the 

presence of Mg2+ ions which not only can enhance the electronic and ionic conductivity but 

also can influence the repulsion between Li−Li ions and thus most plausibly contribute to the 

stable aforesaid configurations. It is also worth noting that the Mg2+ ions are responsible for 

the prevention of Li electroplating or dendritic growth which typically leads to the capacity 

decay. However this is not the case in the present study. However, further robust theoretical 

studies are needed in order to pinpoint the exact Li storage configuration(s) and the 

corresponding voltage range.  

Electrochemical Impedence Spectroscopy (EIS) was carried out to understand the kinetics of 

lithiation and de-lithiation, and resistance to charge transfer in MgO decorated FLG for first 

two cycles. The typical Nyquist plot in which semicircles and Warburg line are present is 

shown in Fig. 9.11 along with respective equivalent electrical circuits (values of circuit 

elements are shown in Table 9.3). The electrolyte (solution) resistance Re is found to be ~1.5-

3.5 Ω for various states of battery (SI4). The resistance to charge transfer Rct is found to be 

~48 Ω at OCV which increased to ~94 Ω after 1st discharge and once again decreased to ~59 

Ω after 2nd discharge. But this value dramatically decreased to ~8 Ω and ~6 Ω after 1stand 2nd 

charges, respectively. This observed Rct value is very low compared to the pristine and doped 
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graphene materials reported in the literature [37,38]. This change might be due to release of 

Mg2+ ions into anode matrix after first discharge which eventually improves ionic and 

electronic conductivity. The noticeable decrease in Rct indicates that the faradaic reactions are 

occurring at a very fast rate and MgO decorated FLG is partially behaving like an ideal 

conducting type electrode (or the battery as non-polarizable cell). The value of Rct during 

charge process is very low when compared with discharge and this observation indicates that 

Li is desorbing very easily than absorption into anode matrix. The low value of intercalation 

capacity Ci (<1 F) suggests that Li insertion-extraction by intercalation contributes less to the 

overall capacity which is matching with the observed CV characteristics. The Warburg 

resistance Ws (resistance to Li ion diffusion) is found relatively higher than Re and Rct. Thus 

overall low impedance values imply that MgO decorated FLG is a promising anode material. 

 

 

Figure 9.11. Nyquist plots of MgO decorated FLG (after fitting) and equivalent circuits of (a) 

fresh cell, (b) cell discharged to 0.005 V and (c) cell charged to 3.0 V. 

 

Table 9.3. Values of equivalent circuit elements obtained by EIS. 

Battery condition 
Re (Ω) 

(±0.1) 

Rct (Ω) 

(±0.5) 

Rb (Ω) 

(±0.5) 
CPEdl (μF) 

CPEb 

(mF) 

Fresh Cell (OCV) 3.0 48.7 -- 25 -- 

1st Discharge to 0.005 V 1.5 94.1 31.8 36 11.5 

1st Charge to 3.0 V 3.3 7.99 -- 251 0.3 

2nd Discharge to 0.005 V 3.5 59.6 30.38 47 13.2 

2nd Charge to 3.0 V 3.0 6.04 -- 524 -- 
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MgO decorated FLG with a high specific surface area and high mesoporosity has been tested 

as an anode material in LIBs. MgO decorated FLG has shown a high reversible capacity and 

excellent constant cyclic performance despite of high ICL observed during the 1st discharge. 

The coulombic efficiency fluctuated around 98% with capacity retention of more than 80% 

even at 60th cycle. High ICL value was attributed to the electrolyte decomposition due to high 

specific surface area, porosity and phase conversion of MgO to amorphous. The 

electrochemical adsorption and desorption of Li onto graphene (pseudo capacitance) is 

understood from CV studies. The capacity increase over long-term cycling was mainly 

ascribed to electrochemical exfoliation of graphene layers that can create more room to 

accommodate extra Li. EIS studies confirmed easy lithiation kinetics in the fabricated LIBs 

and ideal conducting electrode nature of MgO decorated FLG. All in all, MgO decorated 

FLG was found to exhibit excellent anodic performance and could prevent initial losses upon 

modification (such as pre-lithiation) in order to make it commercially viable. 
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Chapter 10    Conclusions and Future Scope 
 

10.1 Conclusions 
 

For the first time graphenothermal reduction (GTR) method was demonstrated to synthesize 

EG/FeO, EG/Fe3O4, EG/MnO, EG/MoO2, FLG/Co2Mo3O8, FLG/Mn2Mo3O8 and 

FLG/Zn2Mo3O8 composites. On the other hand, a rutile combustion synthesis method was 

used to obtain MgO decorated few-layered graphene. EG/MO composites and MgO 

decorated few-layered graphene were then characterized by variety of techniques to 

understand their structure, morphology, chemical nature, surface characteristics etc. EG/MO 

composites and MgO decorated few-layered graphene were characterized by cyclic 

voltammetry, galvanostatic cycling and electrochemical impedance spectroscopy to 

undertheir electrochemical behaviour. Finally, the as-synthesized composites where tested as 

anode materials in Li ion batteries by fabricating coin cells. All the materials considered in 

this thesis work exhibited excellent specific capacities and in general, were found to be 

suitable as anode materials in Li ion batteries. The rate capabilities of the composites and the 

current rates at which the testing was carried out are tabulated in Table 10.1. 

 

Table 10.1 Rate capability of EG/MO and MgO decorated FLG composites.  

Composite 

Rate 

Capability 

(mAh/g) 

Current 

Rate 

(mA/g) 

EG/FeO 858-674 50-400 

EG/MnO 936-735 75-600 

EG/MoO2 919-436 100-1000 

FLG/Co2Mo3O8 907-607 60-180 

FLG/Mn2Mo3O8 942-905 60-180 

FLG/Zn2Mo3O8 630-579 60-180 

MgO decorated FLG 1058-1622 37-1860 

 

 

 



Conclusions and Future Scope 

 

143 
 

10.2 Future Scope 
 

The study on GTR method needs to be advanced in order to figure out the predominant 

reduction mechanism because it facilitates controlling the end products. Modification of GTR 

method for controlling size and crystallinity of metal/metal oxide phase in the final product is 

another aspect that needs to be taken up. Adopting GTR method to synthesize cathode 

materials for Li ion batteries is also an attractive future scope. As discussed in this thesis, 

MgO decorated FLG has shown excellent cyclic performance as an anode of Li-ion battery 

with reversible capacity twice that of graphite despite a huge irreversible capacity loss during 

the first cycle. Exploring suitable modifications such functionalization and/or pre-lithiation so 

as to make it an alternative to graphite can be pursued. It will also be interesting to introduce 

modifications by conducting robust theoretical calculations and in-situ cycling and ex-situ 

post cycling studies in order to identify the lithiation mechanism by MgO decorated FLG. 

Similar work can also be pursued on FLG-A2Mo3O8 composites. The composites studied in 

this thesis work are also promising for electrochemical energy storage through Na-ion and Li-

air batteries and supercapacitors. The possibilities of MgO decorated FLG for storing Na-ions 

[1-3] and for electrochemical or electric double layer capacitors or supercapacitors [4,5] will 

be especially interesting. MgO decorated FLG may also be a promising negative electrode 

material for Li-air batteries similar to the pristine graphene [6]. EG/FeO and EG/Fe3O4 

composites for i) supercapacitors and Na-ion batteries, ii) magnetic, hyperthermia and EMI 

shielding applications and iii) for removal of heavy metals and other toxic species from 

polluted water are yet to be reported [7-16]. EG/MnO and EG/MoO2 composites synthesized 

by GTR method can be used in supercapacitors similar to the reports available on graphene-

MnO and graphene-MoO2 composites synthesized by other methods [18]. The above 

mentioned scope is for the immediate future exploration. This accomplishes the completeness 

to this present thesis work. 
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Annexures 
 

Annexure 1 
 

Iron oxides are considered promising candidates for lithium storage. Moreover these are more 

abundant, inexpensive and non-hazardous in nature. Among the iron oxides (FeO, Fe2O3 and 

Fe3O4) FeO as an anode material possess light weight, least volume changes upon lithiation 

and improved electronic conductivity which are crucial for achieving high capacity and 

cycling stability [1-5]. FeO has possess theoretical capacity of 744 mAh g-1 close to MO (M= 

Ni, Cu, Co, Mn) [6-9] which is slightly less than the theoretical capacities of Fe3O4 (928 mAh 

g-1) and Fe2O3 (1007 mAh g-1) [10]. For the reason FeO being a simple oxide it may not 

results in excessive amount of Li2O formation and aggregation of metallic Fe which partly 

becomes irreversible and causes capacity decay compared with Fe3O4 and Fe2O3[10]. These 

favorable properties of FeO encourage using it as an anode of LIBs.  Not many reports on 

FeO as anode material because of issues related to its synthesis and structural stabilization 

[10-12].  Early work on FeO as an anode in LIBs was reported by Poizot et al.[7], they have 

shown continuous decay in capacity upon cycling and obtained a capacity 200 mAh g-1 at the 

end of 50th cycle [7]. In year, 2011 Reddy et al. [13] attempted to prepare pure FeO using 

carbothermal method using Fe2O3 and calculated amount of carbon, mixed and heated at 750 

C in Argon gas. They reported reversible capacity of 680 mAh g-1 and 78 % capacity 

retention from 2 to 118 cycles [13].  
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Annexure 2 
 

MnO exhibits high theoretical capacity of 755 mAh g-1 (which is more than twice the 

capacity of carbonaceous materials) and a low discharge-charge potential (around 0.5 V vs. 

Li/Li+). Moreover, it is a low-cost material, naturally abundant and eco-friendly [1]. 

However, drawbacks such as low electronic conductivity and rapid capacity fading are 

observed in MnO electrodes owing to pulverization which is a consequence of volume 

changes upon lithiation and delithiation processes [1-3].  
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Annexure 3 
 

Molybdenum dioxide (MoO2) has attracted a great attention as an anode material in LIBs 

owing to its ability (theoretical capacity is ~838 mAh g-1) to host Li in higher amounts than 

graphite either by intercalation or conversion mechanisms [1-11]. MoO2 can be easily 

obtained by reducing MoO3 [1,7]. In comparison to MoO3, MoO2 has superior electronic 

conductivity, less charging potential and higher volumetric capacity, which are highly 

important for considering it as an anode material in LIBs [1,7,9,12,13]. On the other hand, 

MoO2 suffers from pulverization as a consequence of Li insertion and extraction, which 

blocks the electrical contacts with current collectors and leads to a rapid capacity decay 

making it eventually unfit as an anode material in LIBs [1,5,6,8,11-13]. Efforts have been 

made to overcome the drawbacks of MoO2 by scaling down its dimensions to nanoscale. This 

reduces both electrical and ionic resistivity by shortening the transport lengths for both 

electrons and Li+ ions [5,9,13-15]. In addition, nano-structuring offers higher surface 

reactivity inducing higher effective electrical contact area. However, previous research work 

on MoO2 in this context has led to the realization that nanostructuring alone cannot eliminate 

the inherent problems for efficient lithiation as elucidated in this study.  
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Annexure 4 
 

Among the transition metal oxides, mixed bimetallic oxides (ternary metal oxides) possess 

high theoretical capacity and long cycle life and are therefore considered as interesting host 

materials for Li insertion. Moreover, since these oxides can be easily formed into different 

crystal structures, a large variety of them can be modeled and explored for Li insertion. In 

this context, molybdenum (Mo)-based oxides in particular, have proven their potential as 

anode materials in LIBs. These oxides exhibit rich electrochemistry associated with multiple 

oxidation states of the metal ions and high mass density which are favorable for improving 

the volumetric energy density of the anode. Few reports on AMoO4 (A = Cu, Zn, Ni, Fe, Mn 

and Co) and A2MoO4 (A = Li, Na and K) type of materials [1-3] are available. Works on 

hexagonal MO3-cluster compounds namely LiHoMo3O8, LiYMo3O8, Mn2Mo3O8 and 

Co2Mo3O8 are also available [4-6]. 
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Annexure 5 
 

GOs were synthesized from natural graphite (flake size ≤ 47 μm, Nacional de Grafite Ltda) 

by modified Hummer’s method. Fe2O3 used in the present study was obtained by slow (3 

ºC/min) heating of FeC2O4·2H2O (Alfa Aesar #6047-25-2) at 600 ̊C for 6 hours in air. To 

prepare GO with low DO (GO1), each 1g of graphite flakes were dispersed uniformly in 25 

mL of H2SO4 (95-97%, Sigma Aldrich, #7664-93-9) at a temperature  less than 5 ̊C with the 

aid of an ice bath. Next, NaNO3 (Sigma Aldrich, #7664-93-3) 0.5g and KMnO4 (Ajax 

Chemicals, Sydney) 3g were mixed very slowly one after another as they mentioned. After 

stirring for 30 min at room temperature 25 mL of distilled water was poured into the reaction 

mixture. Subsequently internal temperature of reaction mixture raised to ~98 ̊C and stirring 

was continued at this elevated temperature for 1 h by external heating. Finally, 1 mL of H2O2 

(35%, Riedel-de Haen) was added to the reaction mixture after cooling back to room 

temperature and allowed to settled down. Thus formed GO1 sediment was subjected to 

multiple washes with distilled water until its pH became ~7. In another independent 

experiment above mentioned process was repeated as it is except by changing H2SO4 (95-

98%, Sigma Aldrich, #7664-93-9) and 50 mL of distilled water added (instead of 25 mL) in 

order to prepare GO with higher DO (GO2). Finally both GOs were filtered and dried for 12 

h in a hot air oven at 80 ºC. Then, reaction mixtures GO1+Fe2O3 (RM1) and GO2+Fe2O3 

(RM2) were prepared by taking 2mol of GO for each 1mol of Fe2O3. Bothe reaction mixture 

powders were mixed using mechanical grinding for 30 min. Molecular formula C2.2H0.8O was 

adapted for GOs for molar calculations from elsewhere. Then both reaction powders about 6 

g each were taken into separate ceramic boats and heated separately in a tube furnace 

(Carbolite, UK) as follows. Heating of both reaction powders was carried out in argon 

environment at a heating and cooling rate of 5 ̊C min-1.  Thermal annealing of reaction 

powders was performed in the temperature range of 650–750 ̊C and for 2–8 h. As a result of 

each heating a very smooth and black colored fine powder about 3 g of exfoliated GO/iron 

oxide/iron composite powders were obtained which further directly used for various 

morphological and structural characterizations.
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Rietveld refinement results of EG/FeO. 

 

Annealing time and temperature effect on GO+Fe2O3 mixture: 

 

XRD patterns of GO+Fe2O3 mixture annealed at different times and temperatures. 
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Thermal gravimetric analysis (TGA): As shown in the below TGA curve, EG/FeO exhibited 

a initial weight loss upto 278.5 °C from where a small gain in weight is observed until 391 

°C. This small increase in weight ~0.57% corresponds to oxidation of FeO. Then the curve 

steeply descended around 450 °C and loss in weight stopped at 596 °C and 87.93%. The 

remaining portion of TGA curve is unchanged up to 1000 °C with no significant loss in 

weight. Thus a net weight loss that corresponds to decomposition of carbon to CO/CO2 is 

found to be 12.64 wt.%  and remaining 87.36 wt.% belongs to FeO phase. Depending on 

these weight percentages the theoretical capacity of EG/FeO composite was calculated as 

follows: 

Theoretical capacity of EG/FeO composite = (Wt.% of FeO X Theoretical capacity of FeO) 

+ (wt.% of EG X Theoretical capacity of LiC6) 

= (0.87 X 744)+(0.13 X 372)mAh g-1 = 696 mAh g-1 

 

TGA curve of EG/FeO in Air with heating rate 10 °C/min. 

 

I-V Characteristics of EG/FeO: I-V response of EG/FeO pellet is recorded in the range of -0.1 

to +0.1 V (voltage step 0.01V) at room temperature (25 °C) with Keithley 2400 insturment. 

The slope (1/R) of (the curve shown in Fig. S4 is found to be ~2.69. Based on this slope value 

conducitvity of EG/FeO was calculated as ~0.23 Ω-1cm-1.  
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I-V characteristics of EG/FeO at room temperature. 

 

Cyclability of EG/FeO in comparison with EG/Fe3O4 and EG/Fe2O3: 

 

 

Charge capacities of EG/FeO, EG/Fe3O4 and EG/Fe2O3. 
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FESEM images of 2EG/MoO2 at various magnifications. 

 

 

 

XRD pattern of 2EG/MoO2 in comparison with those of 2EG/MoO2 and MoO3. 
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Rietveld refinement parameters. 

Structure 2EG/MoO2 4EG/MoO2 

Evaluated lattice parameters 

a (Å) = 5.6133488 

b (Å) = 4.8607358 

c (Å) = 5.6275005 

β (°) = 120.8861 

a (Å) = 5.6207147 

b (Å) = 4.8676393 

c (Å) = 5.6355005 

β (°) = 120.879 

Crystallite size (Lorentzian) ~42 nm ~33 nm 

Space Group P21/c P21/c 

JCPDS file Number 
JCPDS # 78-1069 JCPDS # 78-1069 

R-Bragg 2.393 1.905 

 

 

Raman spectra of 2EG/MoO2 and 4EG/MoO2 composites. 

 

Specific surface area measurements: BET and Langmuir surface areas of 2EG/MoO2 are 

found to be 3.15 and 4.43 m2/g respectively. This small specific surface area might be due to 

the high synthesis temperature, inert nature of the agglomerated MoO2 surfaces and also due 

to the covering of active surfaces of EG by MoO2. The average pore volume is 0.0121 cm3/g 

with average pore diameter of 15.63 nm. The moderate hysteresis between nitrogen 
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adsorption and desorption isotherms of EG/MoO2 indicates that it possess mesoporosity 

which might be due to cavities and gaps formed between exfoliated individual graphene 

layers. 

BET surface area and porosity details of EG/MoO2 composites. 

Composite BET Surface Area Avg. Pore Size Avg. Pore Volume 

2EG/MoO2 3.15 m2/g ~15.63 nm 0.0121 cm3/g 

4EG/MoO2 71.4 m2/g ~13.69 nm 0.244 cm3/g 

 

 

 

BET (N2) adsorption-desorption isotherms of 2EG/MoO2. 

 

Galvanostatic Intermittent Titration Technique (GITT): To calculate the diffusion coefficients 

of cycled 4EG/MoO2, GITT technique was used as follows. A discharge pulse of 50 mA g-1 

was applied to the battery cycled at 1000 mA g-1 to discharge it to a selected voltage and 

subsequently battery was allowed to rest for 5 h and similar it was done during charging as 

shown in the Figure (next page). Next, the diffusion coefficient for each discharge and charge 

pulse was calculated by using formula given in Chapter 3 (section 3.3.5). The diffusion 

coefficients of battery cycled at 100 mA g-1 are also calculated using above process. 
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Discharge/charge GITT curves of 4EG/MoO2 cycled at 1000 mA g-1. 

 

Electrochemical impedance spectroscopy results of EG/MoO2 composites: 

Simulated equivalent circuit component values of EG/MoO2 composites. 

 Re (±0.1, Ω) Rct (±2, Ω) CPEdl (μF) Ci (F) 

2EG/MoO2@OCV 5.1 98.4 38 0.027 

2EG/MoO2@1D 5.6 62.4 41 1.430 

2EG/MoO2@1C 5.4 20.6 170 0.029 

4EG/MoO2@OCV 4.1 79.32 26.6 0.014 

4EG/MoO2@1D 4.5 59.49 38.9 0.640 

4EG/MoO2@1C 4.1 14.77 320 0.070 

 

 

 

 


