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I 

Abstract 

 

The size and the physical properties of graphene oxide sheets were controlled by changing the 

oxidation temperature of graphite and graphene oxide sheet were applied for protection of metal 

surface as a diffusion barrier layer. 

Graphite oxide (GO) samples were prepared at different oxidation temperatures of 20 oC, 27 oC, and 

35 oC using a modified Hummers’ method. The C/O ratio and the average size of the GO sheets varied 

according to the oxidation temperature: 1.26 and 12.4 μm at 20 oC, 1.24 and 10.5 μm at 27 oC, and 

1.18 and 8.5 μm at 35 oC. This indicates that the C/O ratio and the average size of the graphene oxide 

sheets respectively increase as the oxidation temperature decreases. Moreover, it was observed that 

the surface charge and optical property of the graphene oxide sheets could be tuned by changing the 

temperature. This study demonstrates tunability of the physical properties of graphene oxide sheets 

and shows that the properties depend on functional groups generated during the oxidation process. 

The protection of metals such as Fe and Cu, which are widely used in industry, is of great importance 

because of necessity to preserve their surface properties. Traditional protection methods including 

organic layer, paints, polymer deposition and formation of oxide layer may have some problems such 

as change of physical property and surface deformation. Recently, oxidation resistance of graphene-

coated metal has been reported. However, they used CVD-grown graphene which has some limits: 

difficulty in reproducible growth of graphene with large area and complicated process such as high 

temperature and gas. In this study, we demonstrate possibility of oxidation resistance of Cu and Fe 

coated with reduced graphene oxide (RGO) sheets. The RGO thin films on SiO2 substrate by layer-by-

layer assembly was transferred to Cu and Fe substrate. Then, we checked the oxidation resistance of 

the RGO-coated metal substrates in the condition of 200 oC in air. The substrates were characterized 

by Raman spectroscopy and scanning electron microscopy. This study affords an advantage of a 

simple solution process which enables coating of large area.  
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Part 1: Brief Introduction of Graphene 

 

1. History of Carbon Allotropes 

The Sixth in the periodic table of elements is, at the same time, among the most important ones. With 

about 180ppm, Carbon is only 17th on the list of terrestrial elements’ frequency, situated even after 

barium (Ba) or sulfur (S) – for comparison, the second-most frequent element, silicon (Si), is about 

1300 times as abundant as carbon. Still the latter is essential for the assembly of all organic matter. It 

is predestined for this central role especially due to its mid position in the periodic system and its 

associated ability to form stable substance with more electropositive and more electronegative 

reaction partners. Yet in the present text the organic chemistry resulting from these various bonding 

possibilities will only be mentioned if it is employed to modify carbon materials or, to put it in other 

words, the element itself as a material will be in the focus.  

 Formerly, only graphite and diamond had been known as the allotropes of carbon. But since 1985, 

when fullerene was discovered,1 the existence of new carbon allotropes which have nanoscale size has 

been demonstrated. Fullerene, carbon nanotube,2 graphene,3 which are 0D, 1D, 2D nanostructure 

respectively, were discovered sequentially, and they have unique electric properties distinguished with 

the existing carbon allotropes due to quantum confinement effect. By these unique properties, they 

have been great interested for last two dacades. 

The ideal of cage-like carbon structure is by far not as new as one might believe. First theoretical 

considerations date back to the year 1966. The scientist D.E.H. Jones, who chose himself the 

pseudonym Daedalus, published theoretical treatises on fullerene-shaped objects. However, no 

attention of any kind was bestowed upon his speculations about hollow structure entirely made from 

carbon atoms. 

 A first theoretically substantiate paper on C60 was published by E. Osawa in 1970. He let himself be 

inspired by his con’s soccer ball while reflecting on superaromatic π-systems and postulated an 

analogous structure with icosahedral symmetry for the C60-molecule, predicting its stability from 

Hückel calculations. He saw that corannulene, synthesized shortly before by Barth and Lawton, had to 

be a partial structure of that cage (Figure 1). His publications as well were granted due attention only 

after the experimental discovery of fullerenes. 

 Even though they are not theoretical treatise themselves, the buildings of the American architect 

Richard Buckminster Fuller (1895-1983) were some structural inspiration nevertheless. His geodetic 

domes, self-supporting cupolas consisting of various polygons, show similar structural feature like the 

carbon cages, and it was to his honor that the latter were named “fullerenes” or 

“Buckminsterfullerenes”. Still it had already been in the early twenties that the first geodetic dome 

was realized by the German architect W. Bauersfeld, but he faild to label his structure with a catching  
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Figure 1. Corannulene and C60 (top), geodetic domes developed by R. Buckminster Fuller (middle) 

and the diatom Stephanopyxis turris (bottom). 
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name, and so today such edifices are inevitably connected to the name of Fuller. It was mainly in the 

sixties and seventies when a number of buildings were erected taking up Fuller’s concept. One of the 

most impressive examples is the USA pavilion at the 1967 World Expo in Montréal (Figure 

1(middle)). Microorganisms of the class of diatoms represent another example of a structural relation. 

These algae grow in structures that correspond to 100,000-fold enlarged fullerene cages (Figure 

(bottom)) with the polygons on their surface exhibiting the same distribution as observed for fullerene. 

 In 1985, the world of the element carbon was deemed an exhaustively explored and mature field of 

research. For the most important allotropes, the essential properties were known as well as the 

interconnections between them, and apart from Organic Chemistry, the elemental chemistry of carbon 

was thoroughly examined, too. Then came the day when a single at m/z 720 in a mass spectrum of 

“new” carbon allotropes had begun. 

 A year before that, first experimental result had already suggested the existence of certain carbon 

cluster. In experiments on laser-evaporation of graphite, signals attributable to the cluster of 30 to 190 

carbon atoms had been detected in the time-of-flight mass spectrum. Most peculiar was the fact that 

only even numbers of atoms had been observed. Still for the time being, the clusters’ structure had not 

been elucidated. 

 H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. Smalley then mad the decisive 

breakthrough in the discovery and identification of fullerenes when attempting to simulate stellar 

conditions namely those in the class of Red Giants. Their experiment considered in focusing a pulsed 

laser beam on a target of graphite under a stream of helium and subsequently analyzing the resulting 

particles in a mass spectrometer. As expected, they mainly detected molecules with compositions of 

HC7N and HC9N like they are also prevalent in space, but on modifying the experimental conditions, 

they suddenly found the spectra dominated by a signal at m/z 720. Yet another peak at m/z 820 was 

observed, which relates to C70. Their conclusion that they had found a C60-molecule with highly 

symmetric cage structure was awarded with a Nobel prize for Kroto, Smalley, and Curl. Still this first 

evidence did not constitute a suitable method to supply sufficient quantities for an investigation on 

physical and chemical properties of the new substrate.  

 It was only in 1990 when the groups of W. Krätschmer and D. R. Huffman succeeded in isolating 

macroscopic amounts of the most abundant fullerene C60 by the arc evaporation of graphite or by 

resistance heating of graphite electrode, respectively. In fact, their initial intention , too had been to 

produce in the laboratory substance that exist in interstellar dust, but at suitable conditions, their IR-

spectra exhibited four sharp, characteristic signals that related to those predicted for the C60-molecule. 

Later on, C70 and higher fullerene were also obtained. 

 The first description of fullerene containing one or more atoms within the cage followed soon after 

detection of the fundamental structure. This so-called endohedral fullerene played a crucial part in the 

isolation of higher fullerenes. 
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Carbon fibers have been known for long. They are used a variety of materials for mechanical 

reinforcement and to make the respective composites more resistant to different external influences. 

Carbon-reinfoced materials for sports gear, like the frames of tennis racket or mountain bike, are but a 

few examples. Having a closer look on the employed carbon fibers in the electron microscope reveals 

that at least some of these long, thin objects possess a tube-shaped core measuring several nanometers 

across. Then the outer layers of the fiber are arranged around this central cavity. As 1976, M. Endo 

and co-workers reported on concentric, tubular structures in the core of carbon fibers and postulated a 

catalytic growth mechanism. 

 These publications, however, were paid attention again only after the group of S.Iijima had found 

carbon nanotubes when studying different soot types from arc-discharge experiments for fullerene 

production. Upon examination in the transmission electron microscope, area of equidistant lines 

symmetrically arranged around a central void were observed. The explorers soon realized that these 

stripes were the projection of tubular objects. Consequently the observed structures had to be tubes 

fitted one into another (Figure 2). Just a little later the same group described single-walled carbon 

nanotubes (SWNTs) that had been obtained after modifying the preparative conditions. It also became 

evident soon that these nanotubes were closely related to the fullerene that had been known since 

1985. 

 Theoretical predictions of carbon nanotubes are largely unknown in the literature. Still there is a rich 

collection of publications on the structure of carbon nanofibers that include in their discussion the 

tubular core of the fibers. However, these facts were largely ignored until after the discovery of 

carbon nanotubes because it seemed unlikely ever to be able to obtain the isolated core of such a fiber. 

 The carbon nanotubes also have a lot of structural features in common with the carbon cage 

described in fullerene. Contrasting some fullerene species, however, they do not occur naturally in 

any form, neither on earth nor in space, so they are a completely artificial form of carbon indeed. In 

any case they exhibit bent graphene layers, but while the whole three spatial directions are affected in 

the fullerenes, the curvature is limited to two dimensions here. Hence, the incorporation of five 

membered rings – indispensable to achieve closure of the bowl in fullerenes – is unnecessary for the 

construction of nanotubes. It suffices to bend the graphene sheet from its plane and make it a cylinder. 

Compared to fullerenes of equal diameter, nanotubes consequently bear less strain their carbon atoms 

exhibit a smaller degree of sp3-hybridization. However, considering the caps of closed carbon 

nanotubes reveals that these are partially made from fullerene fragments. Examples may be found that 

the (5,5)- and (9,0)-nanotubes presented there are terminated by suitably oriented fullerene 

hemispheres. The cylindrical tube is situated between them. Hypothetically reducing its length to 0 

leads to contact of the caps and establishes an intact molecules of C60. Fullerenes may thus be 

considered as an extreme of closed nanotubes without cylindrical centerpiece. 
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Figure 2. HRTEM image of Muti-walled carbon nanotubes. 
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The question arose before whether carbon nanotubes are an elemental modification in their own right. 

Modifications of a given material or element are, by definition, substances identical in chemical 

composition (pure carbon in this case), but different in crystal structure. This phenomenon is also 

called allotropy. The different lattices result in distinct properties and varied stabilities regarding 

temperature and pressure. At given values of these parameters there is usually but one modification 

that is thermodynamaically stable. Suitable treatment may convert it into other allotropes. Graphite is 

the most stable form of carbon at standard conditions. However, this does not mean that any other 

modification of carbon spontaneously transforms into graphite at room temperature and normal 

pressure. The activation barrier for these conversions is high enough to let matestable materials exist 

under normal conditions. Diamond is the most prominent example of this effect. 

 Now, do nanometer represent a modification of their own or not? There are two fundamentally 

opposite opinions on the matter, both of which shall be considered here. Nanotubes exhibit the same 

elemental composition as any other material from pure carbon and, at the same time, feature distinct 

electronic and mechanical properties. In this respect they might surely be considered as an 

autonomous modification of carbon. The question of different crystal structures, however, cannot 

unambiguously be answered. The bonding in a carbon nanotube is based on the same pattern as in 

graphite; in particular the structure of a graphene layer is obviously related to that of the carbon 

framework in a nanotube. Altogether they might simply be regarded as bent graphene sheet, and in 

multi-walled nanotubes the neighboring sheets are even connected via π-π interactions, so basic 

structural features of graphite are present in carbon nanotubes as well. From this point of view, one 

might argue that nanotubes are a heavily distorted variant of graphite (or that graphite represents an 

extreme of nanotubes with infinitesimally low curvature). Each nanotube may further be described as 

a result of rolling up a graphene layer under a certain angle and structure, one might just as well argue 

that there is an infinite number of nanotube modifications (provided that their length and diameter 

could also be infinite). The same ambiguity must be started for the fullerenes that exist in different 

sizes, too. Using a strict interpretation of the definition regarding distinct crystal structures, solids of 

C60, C70 and any other fullerene would each be a modification of their own. 

 It is virtually impossible to name carbon nanotubes correctly according to IUPAC nomenclature for 

two reasons. Firstly, the number of carbon atoms constituting the nanotube is enormous – it might be 

tens or hundreds of thousands. Secondly it would be extremely difficult to apply the classical 

nomenclature of organic compounds. A whole new system has consequently been establiched to 

classify carbon nanotubes. It is perfectly apt to distinguish different structures, and it even permits to 

infer certain properties of the species at hand from the components of its name. There are three classes 

of carbon nanotubes differing in the way the basic graphene sheet is rolled up (Figure 4) : 

l Zig-zag carbon nanotubes 

The graphene layer is rolled up in a way to make the ideal ends of open tube be a zig-zagged  
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Figure 3. Different types of carbon nanotubes result from formal rolling up of a graphene layer. 
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edge. it means that the rolling up is done in parallel to the unit vector of the graphene lattice. 

l Arm-chair carbon nanotubes 

In comparison to the zig-zag tubes, the graphene sheet is turned by 30o before rolling up. The 

perfect terminus is an edge consisting of the sides of the last row of six-membered rings. 

l Chiral carbon nanotubes 

If the angle of turning the graphene layer before rolling up is between 0o and 30o, chiral 

nanotubes are obtained. They are characterized by a line parallel with the unity vector that 

spirals up around the tube. Consequently two enantiomeric forms exist for these species. 

The naming of specific carbon nanotubes is based on using a pair of numbers that indicate the 

coiling direction and the perimeter of the tube. This pair of descriptors (n,m) results from geometrical 

considerations. 

 

2. New Member of Carbon Allotropes: Graphene 

Graphene, one-atomic-thick sheet of sp2 hybridized and 2-dimensional honeycomb carbon lattice 

crystal and mother of other carbon allotropes such as CNT, C60 and graphite (Figure 5), is first 

isolated from bulk graphite by Andre Geim in 2004 (Figure 6).3 But the term ‘graphene’ was first used 

in 1987 to describe single sheet of graphite as one of the constituents of graphite intercalation 

compounds (GICs).4 It was also used in early descriptions of carbon nanotubes and epitaxial graphite.5 

The single-layer of graphite were previously grown epitaxially on top of various materials. This 

‘epitaxial graphene’ consists of a single-atom-thick hexagonal lattice of sp2-bonded carbon atoms, but 

the hybridization between d orbital of substrate and π orbital of graphene alters the electronic structure 

of epitaxial graphene. Nevertheless, graphene, a 2D honeycomb lattice had been presumed not to exist 

in the ‘free state’ due to thermodynamical in stability, being as an ‘academic’ material. But the frre-

standing graphene was unexpectedly using Scotch tape by Geim and the follow-up experiments 

confirmed that its charge carriers were indeed massless Dirac fermions.6, 7 

These discoveries led the explosion of interest in graphene. In ‘last year’, 2010, “For groundbreaking 

experiments regarding the two-dimensional material grphene.”, Andre Geim together with Konstantin 

Novoselov were awarded the Nobel Prize in Physics. 

 

2.1. Electronic Properties of graphene 

Graphene differs from most conventional three-dimensional materials. Intrinsic graphene is a semi-

metal or zero-gap semiconductor. Understanding the electronic structure of graphene is the starting 

point for finding the band structure of graphite. It was realized as early as 1947 by P. R. Wallace8 that 

the E-k relation is linear for low energies near the six corners of the two-dimensional hexagonal  

 



9 

 

 

 

 

 

 

 

 

 

 

Figure 4. Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all 

other dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked 

into 3D graphite. 
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Figure 5. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer 

graphene flake with thickness 3 nm on top of an oxidized Si wafer. (B) Atomic force microscope 

(AFM) image of 2 6m by 2 6m area of this flake near its edge. Colors: dark brown, SiO2 surface; 

orange, 3 nm height above the SiO2 surface. (C) AFM image of single-layer graphene. Colors: dark 

brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm; 

orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a 

differential height of È0.4 nm. For details of AFM imaging of single-layer graphene, see (15). (D) 

Scanning electron microscope image of one of our experimental devices prepared from FLG. (E) 

Schematic view of the device in (D).3 
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Figure 6. The band structure (top) and Brillouin zone (bottom) of graphene. The valence band (which 

is of π-character) and the conduction band (π*-character) touch at six points that lie at the Fermi 

energy, but only two of these points — the K and K' points — are inequivalent. At these Dirac points, 

the density-of-states is zero, so graphene can be considered as a zero-gap semiconductor. At low 

energies, the dispersion is linear, determined by the conical sections involving the K and K' points. 

The quantization of the circumferential momentum, k, leads to the formation of a set of discrete 

energy sub-bands for each nanotube (red parallel lines). The relation of these lines to the band 

structure of graphene determines the electronic structure of the nanotube. If the lines pass through the 

K or K’ points, the nanotube is a metal: if they do not, the nanotube is a semiconductor. 
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Brillouin zone, leading to zero effective mass for electrons and holes (Figure 7). Due to this linear (or 

“conical") dispersion relation at low energies, electrons and holes near these six points, two of which 

are in equivalent, behave like relativistic particles described by the Dirac equation for spin 1/2 

particles.9, 10 Hence, the electrons and holes are called Dirac fermions,10 and the six corners of the 

Brillouin zone are called the Dirac points. Figure 6 shows the peculiar single-particle band structure 

of this 2D material. The linear dispersion at low energies makes the electrons and holes in graphene 

mimic relativistic particles that are described by the Dirac relativistic equation for particles with spin 

1/2, and they are usually referred to as Dirac Fermions. Their dispersion, E2D = ħνF = (kx
2 + ky

2)1/2, is 

analogous to that of photons, Ek = ħck, but with the velocity of light c replaced by vF ≈ 106 m s–1, the 

Fermi velocity. Thus, electrons and holes in graphene have zero effective mass and a velocity that is 

about 300 times slower than that of light. This linear dispersion relationship also means that quasi-

particles in graphene display properties quite different to those observed in conventional three-

dimensional materials, which have parabolic dispersion relationships. For example, graphene displays 

an anomalous quantum Hall effect and half-integer quantization of the Hall conductivity.6, 7 The 

quantum Hall effect in graphene can be observed even at room temperature. 11 

 

2.1.1. Overview of Quantum Hall Effect (QHE) 

Over 100 years ago E.H. Hall discovered that when a magnetic field is applied perpendicular to the 

direction of a current flowing through a metal a voltage is developed in the third perpendicular 

direction.12 This is well understood and is due to the charge within the current being deflected towards 

the edge of the sample by the magnetic field. Equilibrium is achieved when the magnetic force is 

balanced by the electrostatic force from the build-up of charge at the edge. This happens when Ey = 

νxBz. The hall coefficient is defined as RH = Ey/Bzjx and since the current density is jx = νxNq , RH = 

1/Nq in the case of single species of charge carrier. RH can thus be measured to find N the density of 

carrier in the material. Often this transverse voltage is measured at fixed current and the Hall 

resistance recorded. It can be seen that this Hall resistance increase linearly with magnetic field.  

In a two-dimensional metal or semiconductor the Hall effect is also observed, but at low 

temperatures a series of steps appear in the Hall resistance as a function of magnetic field instead of 

the monotonic increase. What is more, these steps occur at incredibly precise values of resistance 

which are the same no matter what sample is investigated. The resistance is quantized in units of h/e2 

divided by an integer. The zero and plateaus in the two components of the resisvity tensor are 

intimately connected and both can be understood in term of the Landau levels formed in a magnetic 

field. In the absence of magnetic field the density of states in 2D is constant as a function of energy, 

but in field the available states clump into Landau levels separated by the cyclotron energy, with 

regions of energy between the LLs where there are no allowed states. As the magnetic field is swept 

the LLs move relative to electrons cannot move to new states and so there is no scattering. Thus the 
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transport is dissipationless and the resistance falls to zero.13  

The classical Hall resistance was just given by B/Ne. However, the number of current carrying states 

in each LL is eB/h, so when there are i LLs at energies below the Fermi energy completely filled with 

ieB/h electrons, the Hall resistance is h/ie2. At integer filling factor this is exactly the same as the 

classical case. The difference in the quantum Hall effect (QHE) is that the Hall resistance cannot 

change from the quantized value for the whole time the Fermi energy is in a gap, and so a plateau 

result. Only when case C is reached, with the Fermi energy in the Landau level, can the Hall voltage 

change and a finite value of resisrance appear. This figure has assumed a fixed Fermi energy, i.e fixed 

carrier density, and a changing magnetic field. The QHE and also be observed by fixing the magnetic 

field and varying the carrier density, for increase by sweeping a surface gate.  

 

2.1.2. Half Integer Quantum Hall Effect in Single-layer Graphene 

The discovery of isolated single-layer graphene was biggest accident in condensed-material science 

in 2004.3 It allows to observe the pronounced Shubnikov-de Hass oscillation in both longitudinal 

resistivity (ρxy). A year after first discovery, Geim6 and Philip Kim7 independently reported the half 

integer QHE occurred in single –layer graphene. Graphene was the first ideal realization of such a 

two-dimensional system. However, its behavior is expected to differ markedly from the well-studied 

case of quantum wells in conventional semiconductor interfaces such as GaAs-GaAlAs heterojunction 

introduced in 2.1.1.14 This difference arises from unique electronic properties of graphene, which 

exhibits electron-hole degeneracy and vanishing carrier mass near the point of charge neutrality which 

is called Dirac point. Indeed, a existence of a non-zero Berry’s phase (a geometric quantum phase) 

electron wave function-a consequence of the exceptional topology of the graphene band structure. In 

order to explain the electron transport behavior in single-layer graphene, Dirac’s equation is essential. 

The charge carrier in graphene mimic relativistic particles with zero rest mass and have an effective 

‘speed of kight’. Although there is nothing particularly relativistic about electrons moving around 

carbon atoms, their interaction with the periodic potential of graphene’s honeycomb lattice gives rise 

to new quasiparticles that at low energies E are accurately described by the (2+1)-dimensional Dirac 

equation with an effective speed of light νF ≈ 106 m-1 s-1 . These quasiparticles, called massless dirac 

fermions, can be seen as electron that have lost their rest mass m0 or as neutrions that acquired the 

electron charge e.6, 7, 15 

Figure 7 shows of QHE behavior observed in graphene. It shows up as an uninterrupted ladder of 

equidistant steps in the Hall conductivity σxy which persists through the Dirac point, where charge 

carriers change from electrons to holes. The sequence is shifted with respect to the standard QHE 

sequence by 1/2, so that σxy = ±4e2/h (N+1/2) where N is the Landau level index and factor 4 appears 

due to double valley and double spin degeneracy. This QHE has been dubbed ‘half-integer’ to reflect 

both the shift and the fact that, although it is not a new fractional QHE, it is not the standar integer  
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Figure 7. Chiral quantum Hall effects (QHE). (a) The hallmark of massless Dirac fermions is QHE 

plateaux in σxy at half integers of 4e2/h. (b) Anomalous QHE for massive Dirac fermions in bilayer 

graphene is more subtle (red curve56): σxy exhibits the standard QHE sequence with plateaux at all 

integer N of 4e2/h except for N = 0. The missing plateau is indicated by the red arrow. The zero-N 

plateau can be recovered after chemical doping, which shifts the neutrality point to high Vg so that an 

asymmetry gap (≈0.1eV in this case) is opened by the electric field effect (green curve). (c)–(e) 

Different types of Landau quantization in graphene. The sequence of Landau levels for massless Dirac 

fermions in single-layer graphene (c) and for massive Dirac fermions in bilayer graphene (d). The 

standard LL is expected to recover if an electronic gap is opened in the bilayer (e).15 
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QHE either. The unusual sequence is now well understood as arising from quantum electrodynamics-

like quantization of graphene’s electronic spectrum in magnetic field B, which is described by EN = 

±νF√2 ħ   where ± refers to electrons and holes. The existence of a quantized level at zero E, 

which shared by electrons and holes. A further indication of the system’s extreme electronic quality is 

the QHE that can be observed in graphene even at room temperature by a fill factor 10.11 

Bi-layer graphene also exhibits an equally anomalous QHE.15, 16 The standard sequence of Hall 

plateau σxy = ±4e2/h is measured, but the very first plateau at N = 0 is missing, which also implies that 

bi-layer graphene remains metallic at Dirac point. The resulting quasiparticles are chiral, similar to 

massless Dirac fermions, but have a finite mass m ≈ 0.05m0. Such massive chiral particles would be 

an oxymoron in relativistic quantum theory. The landau quantization of ‘massive Dirac fermions’ is 

given by EN = ± ħω  ( − 1) with two degenerate levels N = 0 and 1 at zero E (ω is the cyclotron 

frequency). This additional degeneracy leads to the missing zero-E plateau and the double-height step. 

There is also a pseudospin associated with massive Dirac fermions, and its orbital rtation leads 

totation leads to geometrical phase of 2π. This phase is indistinguishable from zero in the quasi-

classical limit (N >> 1) but reveals itself in the souble degeneracy of the zero-E Landau levels. 

Recently, fractional quantum Hall effect was demonstrated in ultra clean and suspended graphene 

device having ultra high carrier mobility, has enabled the study of a correlated two –dimensional 

electronc system.17 

 

2.1.3. Approaches to enhance Carrier Mobility of Graphene Device 

The most important parameter that defines the range of electronic phenomena accessible in 

experiments on graphene is arguably its charge carrier mobility  . In graphene monolayer 

mechanically exfoliated and deposited on a substrate,   are usually limited to values ~ 2,000 cm2 / 

Vs, which are large enough to allow ballistic transport on a submicrometer scale and the observation 

of, for example, the quantum Hall effect at room temperature as mention earlier. However, in search 

for new physics, device applications, and especially many-body phenomena it is essential to improve 

the electronic quality of graphene devices further to   possibly as high as 100,000 cm2 / Vs at liquid 

helium temperature. the choice of available candidates is currently restricted to three, charged 

impurities,18 random strain19 and resonant scatterers.20 In order to eliminate the defect reducing  , 

many research groups have been investigated and developed the method. 

 The first method is fabrication of suspended graphene, which is really ‘free-standing’ graphene.21 

Suspension of the graphene sheet was achieved by dipping the entire device into etching solution. In 

the suspended graphene, ultra high carrier mobility was achieved as high as 200,000 cm2 / Vs. the 

other method is using other substrate instead of SiO2 substrate. For example, the ultraflat graphene 

was demonstrated by deposition on the atomically flat terraces of cleaved mica surfaces although 

electron transport properties were not considered.22 The other approach using boron nitride as 
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substrate for graphene device allows to obtain the improved   value as 60,000 cm2 / Vs.23 

Nevertheless, further work is still required to find out the facile and efficient techniques to improve 

carrier mobility. 

 

2.2. Mechanical Properties of graphene 

As of 2009, graphene appears to be one of the strongest materials ever tested. Measurements have 

shown that graphene has a breaking strength 200 times greater than steel, with a tensile strength of 

130GPa (19,000,000 psi).24 Using an atomic force microscope (AFM), the spring constant of 

suspended graphene sheets has been measured. Graphene sheets, held together by van der Waals 

forces, were suspended over SiO2 cavities where an AFM tip was probed to test its mechanical 

properties. Its spring constant was in the range 1–5 N/m and the Young's modulus was 0.5 TPa, which 

differs from that of the bulk graphite. These high values make graphene very strong and rigid. These 

intrinsic properties could lead to using graphene for NEMS applications such as pressure sensors and 

resonators.25 

 

2.3. Optical Properties of graphene 

Graphene's unique electronic properties produce an unexpectedly high opacity for an atomic 

monolayer, with a startlingly simple value: it absorbs πα ≈ 2.3% of white light, where α is the fine-

structure constant.26 (Figure 9) This is "a consequence of the unusual low-energy electronic structure 

of monolayer graphene that features electron and hole conical bands meeting each other at the Dirac 

point is qualitatively different from more common quadratic massive bands".27 Based on the 

Slonczewski-Weiss-McClure (SWMcC) band model of graphite, the interatomic distance, hopping 

value and frequency cancel when the optical conductance is calculated using the Fresnel equations in 

the thin-film limit. This has been confirmed experimentally, but the measurement is not precise 

enough to improve on other techniques for determining the fine-structure constant. Recently it has 

been demonstrated that the band gap of graphene can be tuned from 0 to 0.25 eV (about 5 micrometre 

wavelength) by applying voltage to a dual-gate bilayer graphene field-effect transistor (FET) at room 

temperature.28 The optical response of graphene nanoribbons has also been shown to be tunable into 

the terahertz regime by an applied magnetic field.29 It has been shown that graphene/graphene oxide 

system exhibits electrochromic behavior, allowing tuning of both linear and ultrafast optical 

properties.  

 

2.4. Thermal Properties of graphene 

The near-room temperature thermal conductivity of graphene was recently measured to be between 

(4.84±0.44) ×103 to (5.30±0.48) ×103 Wm−1K−1. These measurements, made by a non-contact optical 

technique, are in excess of those measured for carbon nanotubes or diamond. It can be shown by using  
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Figure 8. Mechanical properties of graphene. (a) Scanning electron microscopy (SEM) image of a 

graphene flake spanning an array of circular holes (scale bar, 3 μ m) and (b) Schematic illustration of 

nanoindentation on membranes; (c) and (d) show graphene oxide paper and its cross-section in SEM.  
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Figure 9. Optical properties of grapenen. (a) Photograph of a 50- μ m aperture partially covered by 

graphene and its bilayer. The line scan profile shows the intensity of transmitted white light along the 

yellow line. Inset shows the sample design: a 20- μ m thick metal support structure has apertures 20, 

30, and 50 μ m in diameter with graphene flakes deposited over them; (b) Optical image of graphene 

fl akes with one, two, three, and four layers on a 285-nm thick SiO2 on Si substrate.  
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the Wiedemann-Franz law, that the thermal conduction is phonon-dominated.30 However, for a 

gatedgraphene strip, an applied gate bias causing a Fermi energy shift much larger than kBT can cause 

the electronic contribution to increase and dominate over the phonon contribution at low temperatures. 

The ballistic thermal conductance of graphene is isotropic.31  

 

3. Isolation or Synthesis Methods of Grpahene 

As mentioned above, graphene was first exfoliated from bulk graphite using ‘Scotch tape method’ in 

2004.3 After that, many research groups have developed exfoliation methods and growth methods. 

 

3.1. Mechanical Exfoliated Graphene from Graphite 

The exfoliated graphene was first achieved by mechanical exfoliation.3, 32 As is the case of most 

scientific discoveries, graphene was discovered by accident and surprisingly atomic scale thin layer 

graphene samples were observed by optical microscope.3 The key for the success probably was the 

use of high throughput visual recognition of graphene on a proper chosen substrate, which provides a 

small but distinguished optical contrast. The graphene sheet made by mechanical exfoliation shows 

the highest crystallinity and the lowest degree of defects among the graphene samples made until now 

and therefore it is appropriate for studies about the physical and chemical properties of graphene. 

However, trained eyes are required for identification of single-layer graphene. 

 

3.2. Chemical Exfoliation of Graphene in liquid 

Another approach to produce mass production of graphene is chemocal exfoliation. The bulk graphite 

can be dispersed in organic solvent into single layer of graphene.N-methylpyrrolidone (NMP), N,N-

dimethylacetamide (DMA), γ-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone (DMEU) 

have been utilized as a dispersion solvent.33, 34 Recently, o-dichlorobenzene was reported as the best 

solvent for dispersion of graphene with simple soncation method. 

 

3.3. Chemically Converted Graphene : Reduced Graphene Oxide (RGO) 

The different method is using oxidized graphite. Exfoliated graphite oxide is called graphene oxide.33, 

35, 36 Graphene oxide is well dispersed into aqueous solution. Compared to the dispersion method in 

organic solvent, the yield of single-layer is quite better in case of aqueous solution. However, 

graphene oxide should be reduced to recover into graphene, and this process indeces the aggregation 

of chemically reduced graphene oxide. This problem was resolved by addition of NH3 to control of 

pH. This treatment remains the positive charges on reduced graphene, which prohibit the aggregation 

of reduced graphene oxide.35 
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Figure 10. Different types of Graphene. (a) Mechanically exfoliated graphene from graphite, (b) 

chemically converted graphene, (c) large area CVD-grown graphene and (d) epitaxially grown 

graphene on SiC.  

 

 

 

 

 

 

 

 

 



21 

3.4. Growth of Graphene by Chemical Vapor Deposition (CVD) 

In 2008, Jing Kong in MIT37 and Byung Hee Hong in SKKU38 independently demonstrated the vapor  

method of thin film layer graphene using nickel substrate. These graphene sheets have been 

successfully transferred to various substrated, indicating viability for numerous electronic applications. 

An improved of this technique has been founded in cooper foil where the growth automatically stops 

after a single layer of graphene due to low carbon solubility, and arbitrarily large graphene films can 

be fabricated.39 In 2010, 30-inch graphene films for transparent electrodes have been synthesized by 

the same technique.40 

 

3.5. Epitaxial Growth of Graphene 

Another growth method is to heat silicon carbide (SiC) to high temperatures to reduce it to 

graphene.41, 42 Ultrathin epitaxial graphite was grown on single-crystal SiC by vacuum graphitization. 

This process produces a sample size depending on the size of the SiC substrate. The face of the SiC 

used for graphene creation, the silicon-terminated or carbon-terminated, highly influences the 

thickness, mobility and carrier density of the graphene. By this method, most omportant properties of 

free-standing graphene have been visualized. It was also shown that even without being transferred 

graphene on SiC exhibits the properties of massless Dirac fermions such as the anomalous QHE.42 

Epitaxial graphene on SiC can be patterned using standard nanolithography techniques. In 2008, 

researchers at MIT Lincoln Lab have produced hundreds of transistors on single chip43 have been 

produced at the Hughes Research Laboratories on monolayer graphene on SiC.44 However, This 

method is economically expensive for the realization integrated circuit or large-scale transparent 

electrode. 
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Part 2 : Control of Size and Physical Properties of Graphene Oxide by Changing Oxidation 

Temperature 

 

1. Introduction 

Graphene is a monolayer of carbon that forms a two-dimensional (2D) hexagonal sp2 hybridized 

structure. Since the discovery of exfoliated free-standing graphene from bulk graphite using the 

“scotch tape” method, graphene has attracted much attention not only in fundamental research fields 

but also in various application fields due to its outstanding and unique electronic and mechanical 

properties.1-4 In particular, it has potential to serve as a key component in energy storage devices, such 

as fuel cells, and as a substitute for ITO in transparent conducting electrodes.  

Many efforts have been made thus far to prepare graphene, and various methods have been reported: 

mechanical exfoliation of graphite using scotch tape,1 chemically exfoliated graphene oxide and 

reduced graphene oxide (rGO),5, 6 exfoliation of graphite in organic solvents or acid without any 

oxidation process,7-10 growth of a large area graphene layer on metal using chemical vapor deposition 

(CVD),11-13 and epitaxial growth on a SiC substrate.14, 15 While large area or scalable production of 

high quality graphene has not been realized to date, CVD and chemical exfoliation methods are 

promising in terms of mass production for real applications.16, 17 

Physical properties of graphene oxide such as electrical properties, band gap energy, transparency, 

optical properties, and surface charge can be determined by the kind and quantity of functional groups 

on graphene oxide sheets. Also, the size of graphene oxide sheets is affected by the degree of 

oxidation of graphite: functional groups and defect sites, which are increased by a high degree of 

oxidation, can lead to break down of the graphene oxide sheets during the exfoliation process. 

Furthermore, functional groups such as epoxy and hydroxyl groups on the basal plane of graphene 

oxide can act as nucleation sites for the growth of inorganic materials such as TiO2, silica, and 

nanocrytals of Ni, Co, and Fe, which show different sizes and shapes according to the degree of 

oxidation of the graphene oxide substrate.18-20 Therefore, control of graphite oxidation is necessary for 

various applications of graphene oxide sheets. It has been recently reported that graphene oxide sheets 

with different oxygen content can be prepared simply by changing the starting graphite, oxidation 

time, and amount of oxidant, providing variation in the size distribution, electrical conductivity, and 

energy band gap.21-24 However, no correlation between the properties or size of graphene oxide sheets 

and oxidation temperature has been reported thus far. 

Herein, we synthesized graphene oxide sheets at different oxidation temperatures using the modified 

Hummers’ method, and investigated their C/O ratios, size distributions, surface charges, and optical 

properties. The C/O atomic ratio was 1.18 at 35 oC, 1.24 at 27 oC and 1.26 at 20 oC. This means that 

more functional groups including oxygen are introduced in the graphene oxide sheet at higher 

temperature. After exfoliation, the average lateral size of the graphene oxide sheets was 12.4 μm at 20 
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oC, 10.8 μm at 27 oC, and 8.3 μm at 35 oC. Furthermore, we show that the surface charge and optical 

properties of the graphene oxide sheets are related to the degree of oxidation. 

 

2. Experimental 

 

2.1 Materials 

Natural graphite having an average particle size of 74 μm was purchased from Bay Carbon 

(Michigan, USA). Chemical reagents used for the synthesis of graphite oxide (GO), including 

phosphorus pentoxide (P2O5) and potassium permanganate (KMnO4), were purchased from Sigma-

Aldrich. Sulfuric acid (H2SO4) was obtained from Merck Chemicals (Darmstadt, Germany). 

 

2.2. Preparation of graphite oxide (GO)  

Graphite oxide (GO) was prepared from purified natural graphite (SP-1, Bay Carbon) by the 

modified Hummers’ method.25 The graphite powder (20 g) was put into an 80 °C solution of 

concentrated H2SO4 (30 mL), K2S2O8 (10 g), and P2O5 (10 g). The resultant dark blue mixture was 

thermally isolated and allowed to cool to room temperature over a period of 6 h. The mixture was then 

carefully diluted with distilled water, filtered, and washed on the filter until the rinse water pH became 

neutral. The product was dried in air at ambient temperature overnight. This pre-oxidized graphite was 

then subjected to oxidation by the Hummers’ method. The pre-oxidized graphite powder (20 g) was 

put into cold concentrated H2SO4 (460 mL). KMnO4 (60 g) was added gradually under stirring and 

cooling, and the temperature of the mixture was not allowed to reach 20 oC. The mixture was then 

stirred at 35 oC for 2 h, and distilled water (920 mL) was added. The oxidation temperature was 

changed to 20 oC and 27 oC for the other samples. After 15 min, the reaction was terminated by the 

addition of a large amount of distilled water (2.8 L) and a 30 % H2O2 solution (50 mL), after which 

the color of the mixture changed to bright yellow. The mixture was filtered and washed with a 1:10 

HCl solution (5 L) in order to remove metal ions. The graphite oxide product was suspended in 

distilled water to give a viscous, brown dispersion, which was subjected to dialysis to completely 

remove metal ions and acids. All graphite oxide suspensions, obtained under different oxidation 

temperatures, were very stable in water. Exfoliation of the above graphite oxide to graphene oxide 

was carried out by dilution of the graphite oxide dispersion (3.5 mL) with deionized water (35 mL), 

followed by vigorous stirring at 15,000 rpm with a homogenizer for 15 min.. The resulting 

homogeneous yellow-brown sol, of which the concentration is 0.3 mg/mL, was stable for at least a 

few months. 

 

2.3. Measurements and characterization 

The average size and morphology of the graphene oxide sheets were measured by scanning electron 
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microscopy (SEM; FEI, USA) and atomic force microscopy (AFM; Veeco, USA). For measuring the 

degree of oxidation of graphite oxide (GO), element contents were calculated for carbon, hydrogen, 

oxygen, nitrogen, and sulphur by an element analyzer, a Flash 2000 (Thermo Scientific, Netherlands). 

UV/Vis absorption spectra of the graphene oxide solution samples were measured by a Cary 5000 

(Varian, USA) in a range of 200 – 800 nm and surface charges (zeta potential) of the samples were 

measured by a Nano ZS (Malvern, UK) in a range of pH 2.5 - 10. 

 

3. Results and Discussion 

 

3.1. Degree of oxidation of graphite 

The degree of oxidation of graphite at different temperatures was estimated by an elemental analysis 

of the final graphite oxide (GO) samples. The contents of each element and the C/O atomic ratio for 

the GO samples are summarized in Table 1. The oxygen contents of GO were 44.55 wt% at 20 oC, 

47.16 wt% at 27 oC, and 49.92 wt% at 35 oC, indicating that more functional groups including oxygen 

were generated on the graphene oxide sheets at high temperature. The degree of oxidation is directly 

related to the C/O atomic ratio based on carbon and oxygen contents. The C/O ratio of GO was 

calculated to be 1.18 at 35 oC, which is the oxidation temperature in the normal modified Hummers’ 

method. However, the C/O ratio of the other GO samples was 1.24 at 27 oC and 1.26 at 20 oC. As the 

oxidation temperature increases, the C/O atomic ratio decreases. This result is due to the formation of 

more functional groups during oxidation at higher temperature. 

 

3.2 Size distribution of graphene oxide sheets 

Figure 1. (a) ~ (f) exhibit scanning electron microscope (SEM) and atomic force microscope (AFM) 

images of graphene oxide sheets obtained at different oxidation temperatures. From the AFM height 

profiles in Figure 1. (d) ~ (f), it is determined that the exfoliated graphene oxide sheets are single 

layers with thickness of 0.8 - 0.9 nm. The size distribution of the graphene oxide sheets, with more 

than 300 sheets for each sample, is obtained in Figure 2. (a) – (c) by measuring the size of the 

graphene oxide sheets in SEM images. The average size of the graphene oxide sheets was calculated 

to be 12.4 μm at 20 oC, 10.8 μm at 27 oC, and 8.3 μm at 35 oC, as shown in Figure 2. (d). The smaller 

size of the graphene oxide sheets at higher temperature is attributed to generation of more functional 

groups and defect sites in the oxidation process. Additionally, π-conjugation may be reduced due to 

the decrease in sheet size by the functional groups and defect sites. The change of π-conjugation was 

investigated by UV/Vis absorption spectroscopy. From the results, the band at 233 nm in the case of 

graphene oxide at 20 oC (mild oxidation) shifts slightly to shorter wavelength in the case of graphene 

oxide at 35 oC (Figure 3). The blue shift for highly oxidized graphene oxide is due to reduced π-π 

conjugated domain size as a result of increased functional groups and defect sites within the graphene  



29 

 

 

 

 

 

 

 

 

 

 

Table 1. Element analysis of GO samples obtained at different oxidation temperature 

 

 GO-35 a GO-27 b GO-20 c 

Carbon (wt %) 44.09 45.51 44.55 

Oxygen (wt %) 49.92 48.93 47.16 

Hydrogen (wt %) 3.30 2.96 3.02 

Sulphur (wt %) 3.04 1.71 2.57 

C/O atomic ratio 1.18 1.24 1.26 

a: GO sample oxidized at 35 oC 

b: GO sample oxidized at 27 oC 

c: GO sample oxidized at 20 oC 

  



30 

 

 

 

 

 

Figure 1. (a) ~ (c) SEM images and (d) ~ (f) AFM images of graphene oxide sheets. (a) and (d) for 

GO oxidized at 20 oC, (b) and (e) at 27 oC, and (c) and (f) at 35 oC. 
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Figure 2. Histograms for size distributions of graphene oxide sheets oxidized at 20 oC (a), 27 oC (b), 

and 35 oC (c). and. (d) The average size of graphene oxide sheets at different oxidation temperature. 
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Figure 3. UV-Vis absorption spectra of graphene oxide suspeneion in water obtained at different 

oxidation temperature (the concentration of each sample is 0.075 g/ml). 
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Figure 4. Zeta-potential measurement of graphene oxide suspensions obtained at different oxidation 

temperature. 
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oxide sheets.23, 24 

 

3.3. Comparison of surface charge via zeta-potential measurement 

The reactivity of nano-sized materials is closely related to their size, shape, and surface properties. In 

the case of graphene oxide, surface properties such as surface charge may depend upon the quantity 

and kind of functional groups on the graphene oxide surface. During the oxidation process, functional 

groups (mainly the epoxy group on the basal plane and hydroxyl and carboxylic groups at the edge 

side) are introduced to the graphene oxide sheets. The functional groups at the edges of the graphene 

oxide sheets can weakly develop negative charges in solution due to deprotonation, yielding a 

hydrophilic nature. Negatively charged graphene oxide sheets were investigated by zeta potential 

measurements. Figure 4 shows that the zeta potential values of the graphene oxide sheets increase 

with oxidation temperature in a wide range of pH, from 2.5 ~ 10. The graphene oxide suspension 

sample obtained at 35 oC showed the highest negative value at all pH levels. From the results, it is 

considered that the graphene oxide sheets obtained at 35 oC possess more functional groups with 

negative charges. This result is consistent with results for the average size and C/O ratio of the present 

GO samples. 

 

4. Conclusion 

We successfully controlled the size and physical properties such as the optical properties and surface 

charge of graphene oxide sheets by changing the oxidation temperature in the modified Hummers’ 

method. From SEM images of graphene oxide sheets prepared under different oxidation temperatures, 

the average size was 12.4 μm at 20 oC, 10.5 μm at 27 oC, and 8.3 μm at 35 oC. As the oxidation 

temperature was increased, the oxygen content increased and thus the C/O atomic ratio decreased due 

to the creation of more functional groups and defect sites at high oxidation temperature. Furthermore, 

the band at 233 nm in the UV-Vis absorption spectra was slightly blue-shifted, indicating reduced π-

conjugated domain size. From zeta potential measurements, a highly oxidized graphene oxide 

suspension at 35 oC revealed the highest negative values. These results indicate that the size and 

physicochemical characteristics of graphene oxide sheets can be tuned by the degree of oxidation. 

Therefore, this study demonstrates the tunability of properties of graphene oxide and rGO, a feature 

that is necessary for real applications. 
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 Chapter 3 : Oxidation Resistance of Fe and Cu Foils Modified with Reduced Graphene Oxide Sheets 

 

Abstract 

 

The protection of metals such as Fe and Cu, which are widely used in industry, is of great importance 

because of necessity to preserve their surface properties. Traditional protection methods including 

organic layer, paints, polymer deposition and formation of oxide layer may have some problems such 

as change of physical property and surface deformation. Recently, oxidation resistance of graphene-

coated metal has been reported. However, they used CVD-grown graphene which has some limits: 

difficulty in reproducible growth of graphene with large area and complicated process such as high 

temperature and gas. In this study, we demonstrate possibility of oxidation resistance of Cu and Fe 

coated with reduced graphene oxide (RGO) sheets. The RGO thin films on SiO2 substrate by layer-by-

layer assembly was transferred to Cu and Fe substrate. Then, we checked the oxidation resistance of 

the RGO-coated metal substrates in the condition of 200 oC in air. The substrates were characterized 

by Raman spectroscopy and scanning electron microscopy. This study affords an advantage of a 

simple solution process which enables coating of large area.  

 

1. Introduction 

The protection of metal surface is of use for industrial as well as academic fields. Even though there 

have previously been conventional coating or protection methods, including coating with other metal,1 

chemical modification,2 anodizing,3 oxide layer,4 paints, organic layer or polymer coating,5-8 these 

approaches lead to changes of their original surface morphology and physical properties. Recently, 

graphene, a two-dimensional atomic thickness of carbon sheet, has been successfully synthesized via 

chemical vapor deposition methods using Cu as a metal catalyst with large area,9 and utilized as a 

diffusion barrier layer for oxidation resistance of Cu and Cu alloy surface.10 However, in the case of 

Fe which has been most widely used in industry, it is possible to be used as catalyst metal to fabricate 

CVD-grown graphene,11 but large amount of gas state carbon source or additional solid carbon source 

like poly (methyl methacrylate) (PMMA) are required to satisfy the high carbon solubility (over 25 

at%) with complicated dissolution forms of Fe.12, 13 Also, chemical stability of carbon is not retained 

due to very negative redox potential of Fe. As a result, CVD-grown graphene using Fe catalyst may be 

island-like and complicated shape rather than uniform and flat single layer. Therefore, large area and 

full-covered graphene grown on Fe and their application for protection of metal surface have yet been 

reported. In particular, CVD methods have been successfully utilized to make a high quality single 

and large area graphene, but high temperature as high as 1,000 oC is required and has shown a lack of 

reproducibilities in respect of large area graphene. In this regard, reduced graphene oxide (RGO) have 

been considered as a alternatives to make up for these weak points of CVD-grown graphene with 
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mass production and solution process. RGO can be more easily synthesized by oxidizing the natural 

graphite followed reduction process using chemical reaction with reducing agents in solution and 

thermal or vapor reduction methods. 

Many applications of RGO for electronic devices such as organic thin-film transistor (OTFT) and 

field-effect transistor (FET),14, 15 conducting transparent film,16-23 sensors24, 25 and energy storage 

materials26 are already reported, but researching for the protection of RGO-coated metal surface from 

oxidation is for the first time. Although unique sp2 hybridized structures and impermeability27 were 

partially destroyed in case of graphene oxide during oxidation of graphite, it is expected that multi-

layer stacked RGO thin film can be played a role of a alternatives with restored impermeability by 

complimenting their defects itself. Also RGO thin film shows the ability of oxidation resistance with 

good thermal stability17 after restoring their own structures28. 

In this paper, we successfully fabricated the transparent multi-layer RGO thin films using a layer-by-

layer (LbL) method followed thermal reduction. Then, RGO thin films are transferred onto Fe and Cu 

surface in order to evaluate the ability of oxidation resistance of RGO-coated metal surface. And the 

degree of protection or oxidation of RGO coated metal surface and analysis of components of metal 

oxides formed after exposed at 200 oC in air were compared by Raman spectroscopy and SEM. 

 

2. Experimental 

 

2.1. Materials 

Natureal graphite having an average particle size of 74 μm was purchased from Bay Carbon 

(Michigan, USA). Sulfuric acid (H2SO4) was obtained from Merck Chemicals (Darmstadt, Germany). 

Cu and Fe foils are purchased from Sigma-Aldrich and Alga-Aesar, respectively. Other chemical 

reagents used for the synthesis of GO, including phosphorus pentoxide (P2O5) and potassium 

permanganate (KMnO4), were purchased from Sigma-Aldrich. 

 

2.2. Preparation of Grraphene Oxide (GO) 

Graphite oxide was prepared from purified natural graphite (SP-1, Bay Carbon) by using the modified 

Hummers’ method.29 The graphite powder (2.0 g) was put into an 80 °C solution of concentrated 

H2SO4 (3.0 mL), K2S2O8 (1.0 g), and P2O5 (1.0 g). The resultant dark blue mixture was thermally 

isolated and allowed to cool to room temperature over a period of 6 h. The mixture was then carefully 

diluted with distilled water, filtered, and washed on the filter until the rinse water pH became neutral. 

The product was dried in air at ambient temperature overnight. This pre-oxidized graphite was then 

subjected to oxidation by the Hummers’ method. The pre-oxidized graphite powder (2.0 g) was put 

into cold concentrated H2SO4 (46 mL). KMnO4 (6.0 g) was added gradually under stirring and cooling, 

and the temperature of the mixture was not allowed to reach 20 oC. The mixture was then stirred at 35 



39 

oC for 2 h, and distilled water (92 mL) was added. After 15 min, the reaction was terminated by the 

addition of a large amount of distilled water (280 mL) and a 30 % H2O2 solution (5.0 mL), after which 

the color of the mixture changed to bright yellow. The mixture was filtered and washed with a 1:10 

HCl solution (500 mL) in order to remove metal ions. The graphite oxide product was suspended in 

distilled water to give a viscous, brown dispersion, which was subjected to dialysis to completely 

remove metal ions and acids. All graphite oxide suspensions, obtained under different oxidation 

temperatures, were very stable in water. Exfoliation of the above graphite oxide to graphene oxide 

was carried out by dilution of the concentrated graphite oxide dispersion (3.5 mL) with deionized 

water (35 mL), followed by vigorous stirring at 15,000 rpm with a homogenizer for 15 min followed 

ultrasonication for 10 min. The resulting homogeneous yellow-brown sol, of which the concentration 

is 0.5 mg/mL, was stable for at least a few months. Synthesis method of graphite oxide with details 

was presented in Figure 1. 

 

2.3. Preparation of Positively Charged GO 

Positively charged GO was synthesized by using N-ethyl-N’-(3-dimethyl aminopropyl)carbodiimide 

methiodide (EDC, 98%, Alfa Aesar) and ethylenediamine (99%, Sigma-Aldrich).30 First, concetrated 

graphite oxide solution (10ml)  were diluted and dispersed in deionized water by ultrasonication 

treatment for 30 min. Then, 50 mL of GO suspension (0.5mg/ mL) was combined with EDC (600 mg) 

and ethylenediamine (4 mL) and stirred for 4 h, and afterwards the mixture solution was dialyzed for 

24 h to remove EDC and ethylenediamine. The MWCO of the dialysis tubing (Spectra/Por dialysis 

membrane) is 12~14 kD. Then positively charged GO suspension of dark brown was obtained. 

Synthesis method of positively charged GO with details was presented in Figure 2. 

 

2.4. Fabrication of GO Thin Films Using Layer-by-Layer (LbL) Assembly 

300nm SiO2 / Si substrate was cleaned by acetone with ultrasonication to remove any organic 

contaminants and treated by oxygen plasma to introduce hydrophilic surface. Positively charged GO 

solution at pH 3.5 was dropped on the 300nm SiO2 / Si substrate which was loaded in a spin coater 

(ACE-200, Dong Ah Tech), maintained for 60 seconds as a waiting period, and spun at 3,000 rpm for 

60 seconds. As a rinsing step, DI water at the same pH was dropped on the substrate coated with 

positively charged GO, maintained for 60 seconds, and spun at 3,000 rpm for 60 seconds. Next, 

negatively charged GO solution at pH 3.7 was spin-coated with the same procedures, followed by the 

rinsing step. Then, we obtained one bilayer of GO sheets. Above procedures were repeated to achieve 

the desired number of bilayers as indicated in Figure 3.  

 

2.5. Reduction and Transfer of GO Thin Film 

Even though RGO thin film was able to be fabricated by using a reduced graphene oxide solution, it is  
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Figure 1. Schematic description and flow diagram of synthesis of graphene oxide with photograph and 

its structure. 
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Figure 2. Schematic description and flow chart of synthesis of positively charged graphene oxide with 

zeta-potential. 
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Figure 3. Schematic flow diagram of fabrication of LBL assembled GO thin film. 
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hard to make uniform thin film because of their poor colloidal stability. Therefore, in this study, we 

have successfully fabricated uniform RGO thin film via vapor or thermal reduction method after 

making a GO LbL thin film on 300nm SiO2 / Si substrate. There are several types of reducing agent 

for vapor reduction such as hydrazine,18 hydrazine monohydrate,31 sodium borohydride (NaBH4),
32 

hydrogen iodine (HI),33 hydrazine monohydrate is commonly preferred. 

 

2.5.1. Vapor Reduction of GO Thin Film 

As mentioned above, there are several types of reducing agents such as hydrazine, hydrazine 

monohydrate, sodium borohydride (NaBH4), hydrogen iodine (HI) for reduction of graphene oxide 

thin film. From among these, they can be optionally utilized at certain experimental condition 

considering their properties such as boiling points or toxicity. In our works, we used a hydrazine 

monohydrate. First, Hydrazine monohydrate was put into silicon oil bath at 80 oC to evaporate and 

pass through hydrazine molecules to GO surface. Before reduction, nitrogen atmosphere and 

increased the temperature of a substrate about 100 oC are required for effective reduction. After 

exposure for 24hr, GO thin films are fully converted to RGO thin film. Reduction procedure and 

installed equipments with details were presented in Figure 4 (a). 

 

2.5.2. Thermal Reduction of GO Thin Film 

While thermal reduction method has some advantages that its process time is shorter than vapor 

reduction and it is of not necessity to use harmful molecules for human and environment, it is required 

very high temperature for sufficient reduction. In case of thermal reduction of grahene oxide, 1,100 oC 

of temperature were widely used to make a fully reduced graphene oxide (RGO) under flow of argon 

(Ar) and hydrogen (H2) atmosphere for effective reduction and preventing of the oxidative damage. In 

our work, we used totally 100 sccm of gas and volume ratio was Ar 90 sccm and H2 10 sccm.34 First 

of all, tube furnace fully evacuated by rotary pump over 15min and inner pressure should be below 1 

x 10-1 torr before increasing of furnace temperature to prevent oxidative damage from quite small 

amount of residual oxygen in furnace. After fully evacuated to the low pressure, Ar and H2 were 

flowed down into tube furnace under precise control of gas volume ratio through mass flow controller 

(MFC) over 10 min to make an inert atmosphere, and then, furnace temperature can be increased at 

about 1,100 oC with 20 oC/min of heating rate. After reached at 1,100 oC, GO samples should be 

stayed for 1hr and then slowly cooled down maintaining the inert condition with Ar and H2. Installed 

equipments with details were shown in Figure 4 (b). 

 

2.5.3. Transfer of RGO Thin Film onto Metal Surface 

Fabricated RGO thin film on 300nm SiO2 / Si substrate should be transferred to Cu or Fe foil to test 

their ability of oxidation resistance. First of all, RGO thin film was required to be supported by poly   
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Figure 4. Photographs of installed equipments for (a) vapor reduction and (b) thermal reduction of 

RGO 
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(methyl methacrylate) (PMMA) which is commonly used as a supporting layer for CVD or RGO 

transfer method because it is robust and easily removed by acetone after transfer. In our work, e-

beamresist (ALLRESIST AR-P 671.04) was used as a PMMA supporting layer and coated by spin 

coating method at 3,000rpm for 30 seconds. And then, PMMA supported RGO (PMMA/RGO) thin 

film on 300nm SiO2 / Si wafer was floated in 5 wt% of hydrogen fluoride (HF) to detach from 

substrate by removing a SiO2 layer. Detached PMMA/RGO thin film was washed out more than three 

times to eliminate the residual HF acid molecules in their interlayer and it is transferred on Cu or Fe 

foils. After transferred onto metals, PMMA/RGO coated metal should be put into acetone for 1hr to 

remove a PMMA layers. Transfer procedure and description with details transfer were presented in 

Figure 5. 

 

2.6. Oxidation of RGO Thin Film Coated Fe and Cu 

RGO coated Cu and Fe foils were exposed 200 oC of temperature in air for 2hr to check their ability 

of oxidation resistance. Hot-plate easily can be used and setting temperature was 220 oC considering 

the effect of outside temperature in which samples surface temperature of RGO coated metal samples 

reached at 200 oC. After 2h exposure at 200 oC in air condition, bare and RGO-coated samples were 

compared by their optical contrast, morphology and Raman spectroscopy.  

 

2.7. Measurements and Characterization 

The average size and morphology of the GO sheets were measured by scanning electron microscopy 

(SEM; FEI, USA) and atomic force microscopy (AFM; Veeco, USA). For measuring the degree of 

oxidation of GO, element contents were calculated for carbon, hydrogen, oxygen, nitrogen, and 

sulphur by an element analyzer, a Flash 2000 (Thermo Scientific, Netherlands). Surface charges of the 

samples were measured by a Nano ZS (Malvern, UK) in a range of pH 2.5 – 10 and functional groups 

and degree of reduction were measured by XPS (Thermo Fisher K-Alpha, UK). Metal oxide was 

confirmed by Raman spectroscopy measurement (WITec Alpha 300S, Germany). 

 

3. Results and Discussion 

 

3.1. Characterization of GO and Positively Charged GO 

Graphite oxide is easily dispersed in water as a single sheet of graphene oxide using homogenizer at 

15,000rpm for 15min followed bath sonication treatment for 10min because GO has a hydrophilic 

nature due to introduced various functional groups on their surface. After exfoliation of GO, their 

morphology and thickness measurement for GO sheets were conducted and summarized in Figure 6. 

From SEM and AFM images, GO sheet was successfully exfoliated into micro scale lateral-sized 

single sheet. The average lateral size of the GO sheets was calculated to be 8.34 μm and its thickness  
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Figure 5. Schematic flow diagram of fabrication of RGO coated metal 
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was 0.8~1.0 nm (Figure 6 (a)) which is exactly in good agreement with previous reports.35 As 

mentioned above, GO suspension is well-know that it is very stable state in water due to inserted 

functional groups on GO surface of which there are mainly the epoxy group on the basal plane and 

hydroxyl and carboxylic groups at the edge side. The functional groups at the edge side of the GO 

sheets can weakly develop negative charges in solution because of deprotonation, yielding a 

hydrophilic nature and it can be calculated by zeta-potential measurement. In a wide range of pH from 

2.5 to 10, GO suspension presented high value of zeta-potential above -54 mV and -60.3 mV was 

maximum value at pH 10 conditions, as indicated in Figure 6. Even though pH of GO suspensions 

were usually tuned to obtain more stable state, however, it was not necessary to control the pH 

because GO suspension already exhibited high value of zeta-potential above -50 mV in all range of 

pH, indicating very stable state. On the contrary to negatively charged GO, the pH values of positively 

charged GO (GO (+)) should be tuned into weak acid condition because their stability is more 

sensitive to pH condition. Therefore, the pH 3.7, which presented highest zeta-potential values of 

+50.2 mV (see Figure 3), was selected to avoid aggregations and fabricate uniform GO LbL thin films. 

Raman spectra of GO is also shown in Figure 6.(d) and these data can be indirectly utilized to confirm 

their crystallinity by comparing the ratio of Raman D to G band (ID/IG ratio).36 Generally, three types 

of Raman signals, which are so-called D, G and 2D band, are observed in most of carbon allotropes 

including graphene. G band is most prominent feature in Raman spectrum of graphene and appeared 

at around 1580 cm-1. The G band is associated with the doubly degenerate (iTO and LO) phonon 

mode (E2g symmetry) at the Brillouin zone center. On the other hand, D and 2D bands are originated 

from a second-order process, involving two iTO phonons and they are founded around 1350 and 2700 

cm-1. Therefore, it is possible to simply identify the crystallinity or structures of graphene based 

derivatives such as graphene oxide because G and D bands are closely related to the stretching of sp2 

hybridized bonding in aromatic rings and disordered structure in defect sites. In our work, the ID/IG 

ratio of GO was calculated as 1.54, indicating that it may be more oxidized than other results in 

previous reports.36 However, it should be recommended that Raman spectrum analysis of GO to 

confirm the degree of reduction should be considered with other quantitative analysis such as EA or 

XPS because Raman can be translated into an arbitrary and indirect results. 

 

3.2. Charaterization of Layer-by-Layer Assembled GO Thin Film  

The greatest advantage of Layer-by-Layer (LbL) assembly is that it is possible to control the thickness 

of thin films, precisely.30, 37 Therefore, thickness of GO LbL thin film can be also controlled about 

nano-scale levels. Figure 7 shows thickness changes of GO thin film deposited on wafer and it is 

linearly increased according to the number of bilayer. 
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Figure 6. Characterization of GO. (a) Morphology measurement and size distribution, (b) zeta-

potential measurement, (c) XPS and (d) Raman spectra of GO and monolayer graphene. 
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Figure 7. Thickness changes of GO LBL thin film. 
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3.3. Charaterization of RGO Thin Film via Vapor Reduction Method (vRGO) 

As mentioned in section 2.5, uniform RGO thin films are successfully fabricated after deposited on 

300 nm SiO2 / Si wafer instead of using a RGO solution to make a uniform film because the poor 

stability of RGO solution could lead to agglomerated state. Reduction of GO thin films are roughly 

divided and utilized as vapor or thermal reduction among several kinds of reduction methods. In our 

work, RGO thin films were achieved after exposure of hydrazine monohydrate vapor for 24h, and 

their thickness changes and degree of reduction were estimated by ellipsometer and XPS as indicated 

in Figure 8. Thickness of GO thin films was tuned by controlling the number of bilayer (BL) and 

shown 6.3nm at 3BL, 9.5nm at 5BL and 13.5nm at 7BL. After vapor reduction, they presented thinner 

thickness of 5.8nm at 3BL, 8.2nm at 5BL and 11.2nm at 7BL than before due to removal of functional 

groups on their surfaces. In general, GO displays more oxygen contents than pristine graphene owing 

to inserted functional groups such as epoxide (=O), hydroxyl (-OH) and carboxyl (-COOH) on basal 

plane or edge side, which are shown in Figure 8. (a). With peak fitting program, the XPS peaks of GO 

thin film were analyzed and deconvoluted into C=C (284.58 eV), C-C (285.08 eV), C-O (286.78 eV) 

and C=O (288.95 eV). C=C/C-C bondings are originated from aromatic rings in graphene, C-O and 

C=O bondings come from hydroxyl, epoxide and carboxyl groups. Theses assignments are in good 

agreement with previous work (Figure 8. (b)).34 After vapor reduction using hydrazine monohydrate 

vapor, their C-O and C=O bondings were significantly declined, whereas contents of nitrogen were 

increased than before (See Figure 9 and Table 1). It might be originated from residual hydrazine 

molecules intercalated between RGO sheets. XPS data allow us to know the degree of oxidation or 

reduction of RGO thin films because intensity and shared area of carbon-oxygen bonding peaks are 

increased or decreased in proportion to the oxygen contents. 

 

3.4. Characterization of RGO Thin Film via Thermal Reduction Method (tRGO) 

Although hydrazine vapor reduction of GO is useful method because high temperature is not required, 

however, intercalated hydrazine molecules may lead to some problems that are higher contents of 

nitrogen and hydrazine residues. Therefore, thermal reduction of GO is considered as suitable method 

to make oxidation resistance RGO thin film. The degree of reduction of RGO according to the 

annealing temperature was investigated by XPS, shown in Figure 10 and element contents were 

summarized in Table 2. From the XPS data, it was observed that carbon-oxygen peaks appeared at 

around 286.78 eV and 288.98 eV were dramatically decreased and carbon-carbon peak was slightly 

shifted from 284.98 to 284.38 at high temperature (Figure 10. (d)).28 Carbon bonded with oxygen 

shows higher binding energy because their valence electrons are shared state. Therefore, Carbon 1s 

binding peak, which is shifted to low binding energy according to increase of reduction temperature, 

demonstrates that functional groups on GO are significantly reduced and carbon-carbon bodings in 

aromatic rings are restored. It was also found that GO thin films are not only converted to RGO with  
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Figure 8. XPS of (a) GO and (b) vapor reduced RGO (vRGO), (c) thickness changes of GO and 

vRGO thin film. 
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Figure 9.XPS survey data of GO and vRGO thin film deposited on 300nm SiO2 / Si. Nitrogen content 

are increased after vapor reduction. 
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Table 1. Atomic contents of GO and vRGO 

 

 
GO vRGO 

Carbon (at%) 62.13 61.98 

Oxygen (at%) 26.82 16.21 

Nitrogen (at%) 4.41 9.97 

C/O atomic ratio 2.32 3.82 
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Figure 10. Characterization of thermally reduced RGO (tRGO). (a) Thickness changes, (b) XPS of 

RGO according to reduction temperature, and deconvoluted C 1s peak of (c) GO and (d) tRGO  
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Table 2. Atomic contents of GO and tRGO samples 

 

 
GO 

RGO-200 

a
 

RGO-400 

b
 

RGO-600 

c
 

RGO-800 

d
 

RGO-

1,100 
e
 

Carbon (at %) 62.13 66.94 66.47 65.19 67.61 66.09 

Oxygen (at %) 26.82 20.22 19.40 20.16 17.60 18.35 

Nitrogen (at %) 4.41 4.11 2.51 1.93 1.28 1.33 

C/O atomic 

ratio 
2.32 3.31 3.42 3.23 3.84 3.60 

   

 a : RGO reduced at 200 oC  

b : RGO reduced at 400 oC  

c : RGO reduced at 600 oC  

d : RGO reduced at 800 oC  

e : RGO reduced at 1,100 oC  
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decreasing of functional groups but become a thinner and thinner as increase of reduction temperature 

via thermal reduction. Thickness of 5 bilayer GO thin film before thermal reduction was 8.8 nm and 

thermal treated 5 bilayer RGO shown 6.3 nm at 200 oC, 5.0 nm at 400 oC, 3.7nm at 600 oC, 2.5 nm at 

800 oC and 2.8 nm at 1,100 oC for 1hr, respectively, as shown in Figure 11. (a). This tendency 

indicated that obvious decrease in thickness of RGO thin film was proportional to increase of 

reduction temperature and high temperature could lead to thermal damages on GO surfaces. When, 

therefore, RGO thin films fabricated by thermal reduction are utilized as a oxidation resistance barrier 

for metal surface, their decline of thickness and increase of defect sites derived from thermal damages 

are carefully considered because it can be a pathway of oxidative conditions including oxygen, 

moisture.  

 

3.5. The Ability of Oxidation Resistance of vRGO thin film coated Fe 

Metal oxide layer can be easily formed on Fe and Cu surface after exposure at 200 oC in laboratory air, 

but we expect that vRGO coated metal surface is protected from oxidative circumstance. Before and 

after oxidized metal layer at 200 oC in air were determined by analyzing Raman spectrum, as shown 

in Figure 11. Before oxidation of vRGO coated Fe, very weak and two prominent peaks were 

observed at 668 cm-1, 1346 cm-1 and 1596 cm-1 which are originated from native iron oxides and GO, 

respectively. After, however, heat treatment of vRGO coated Fe at 200 oC in air, Raman spectra shows 

that many kinds of iron oxide bands can be seen between 100 cm-1 and 800 cm-1 , corresponding to 

various iron oxide – FeOOH (214, 280, 392, 549 cm-1), Fe2O3 (480, 671 cm-1) and Fe3O4 (671, 1299 

cm-1).38, 39 This oxidized iron state may be caused by contact with the air through defect sites (Figure 

12), which is formed during vapor reduction process, or affected by residual hydrazine molecules 

intercalated between layers, as mentioned above. From these Raman data, vRGO thin films are not 

clearly acting as an oxidation barrier, preventing the underlying Fe from oxidative circumstance. 

 

3.6. Reduction Temperature Dependant Ability of Oxidation Resistance of tRGO thin film coated Fe  

 

Vapor reduction of RGO thin film was insufficient for protection and oxidation resistance of metal 

surface due to residual hydrazine molecules and defect sites. Thus, fabrication of RGO thin film using 

thermal reduction method was utilized instead of vapor reduction to protect the metal surface from 

oxidative circumstance. To evaluate the ability of oxidation resistance of RGO coated metal surface, 

first of all, it was necessary to confirm the relations between temperature dependant degree of 

reduction of RGO and the ability of oxidation resistance. Figure 13 shows Raman spectra of RGO 

coated Fe before and after oxidation at 200 oC in air, where RGO is prepared by various reduction 

temperature from 200 oC to 1,100 oC. Even though prominent distinctions were not found in Raman  
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Figure 11. Raman spectra of bare and vRGO coated Fe (a) before oxidation and (b) after oxidation at 

200 oC in air for 2h. 
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Figure 12. SEM images of GO and vapor reduced RGO (vRGO) 
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Figure 13. Raman spectra of RGO coated Fe (a) before, (b)after oxidation at 200 oC in air for 2h 

(RGO is reduced at various reduction temperature from 200 oC to 1,100 oC) and (c) IFeOOH/IG ratio of 

each samples. 
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spectra related to iron oxides before oxidation of RGO coated Fe, blue shift of G band was 

investigated from 1602 cm-1 to 1585 cm-1 according to increase of reduction temperature (Figure 13. 

(a)). This blue shift indicates that distorted structures of RGO is restored to sp2 bonding during 

thermal reduction process at high temperature, which is consistent with previous report16 and XPS 

results in section 3.4. After exposure of RGO coated Fe at 200 oC in air for 2hr, Raman spectra of 

RGO, which were reduced below 600 oC, coated Fe presented diverse iron oxide bands between 100 

cm-1 and 800 cm-1 as shown in Figure 13. (b), but there were no apparent Raman bands of iron oxide 

on RGO coated Fe samples reduced above at 800 oC except for native oxide band at 660 cm-1. From 

these data, degree of oxidation was investigated by comparing Raman intensity between G band and 

iron oxides. Figure 13. (c) shows the ratio of Raman intensity of FeOOH band remarkably appeared at 

around 390 cm-1 and G band (IFeOOH / IG) to quantitatively compare their degree of oxidation. These 

internal standard of IFeOOH / IG presented 1.83 at 200 oC, 0.99 at 400 oC, 0.29 at 600 oC and no 

prominent FeOOH band in 800 oC and 1,100 oC RGO coated Fe samples, indicating that RGO thin 

film coated Fe foils fabricated low temperature were more oxidized. Our results in Figure 14 and 15 

also show optical microscope and SEM images. In all cases the RGO, which are reduced above 800 

oC, coated Fe surfaces show little appearance change, as opposed to the RGO, which are reduced 

below 600 oC, coated Fe whose surfaces change appearance dramatically. Figure 15 shows SEM 

images of Fe surfaces before and after air oxidation. The atomic steps on Fe and wrinkles from RGO 

thin film are clearly visible under RGO, which is reduced at 1,100 oC, coated Fe samples after thermal 

treatment, indicating that iron oxide has not formed beneath the RGO thin film. However, other RGO 

thin films on Fe can be seen as decomposed and turned into blurry-like surface morphology, 

indicating that iron is not protected by RGO thin films. 

 

3.7. Thickness Dependant Ability of Oxidation Resistance of tRGO thin film coated Fe  

To determine the influence of thin film thickness as well as reduction temperature, RGO thin film 

were fabricated with various thicknesses by controlling the number of bilayer, and Figure 16 shown 

their thickness changes before and after thermal reduction. The thickness of GO thin films was 

proportionally increased to the number of bilayer. Before thermal reduction, their thickness were 

8.8nm at 5BL, 15.7 nm at 10BL, 23.1 nm at 15BL and 30.2 nm at 20BL, and were declined as 3.3 nm, 

4.8 nm, 7.5 nm, and 10.6 nm after thermal treatment at 1,100 oC, respectively. Fabricated 5 BL, 10 BL, 

15 BL and 20BL of RGO thin films were transferred onto Fe foil and measured by Raman before and 

after oxidation as shown in Figure 18. Before oxidation at 200 oC in air, there were no distinguished 

iron oxide Raman spectra between 100 cm-1 and 800 cm-1 except for weak native iron oxide Raman 

band appeared at around 660 cm-1, and D and G band originated from RGO were observed at 1348 

cm-1 and 1585 cm-1. After exposure to oxidative circumstance at 200 oC in air, Raman specta of iron 

oxide still were not observed in 5 BL and 10 BL samples and their optical images presented that their  
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Figure 14. Optical microscope images of bare Fe (a) before, (b)after oxidation at 200 oC in air for 2h 

and RGO, which was reduced at (c) 200 oC, (d) 400 oC, (e) 600 oC, (f) 800 oC and (g) 1,100 oC 
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Figure 15. SEM images of bare Fe (a) before, (b)after oxidation at 200 oC in air for 2h and RGO, 

which was reduced at (c) 200 oC, (d) 400 oC, (e) 600 oC, (f) 800 oC and (g) 1,100 oC 
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Figure 16. XPS data of (a) GO, (b) thermally reduced RGO (tRGO) at 1,100 oC, and (c) thickness 

changes of GO and tRGO thin film. 
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Figure 17. SEM images of GO and tRGO thin films. 
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Figure 18. Photographs and Raman spectra of 5BL tRGO coated Fe samples (a) before and (b) after 

oxidation at 200 oC in air for 2h. 
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Figure 19. Optical microscope images of bare Fe (a) before, (a) after oxidation at 200 oC in air for 2h 

and RGO, which was fabricated with (c) 5BL, (d) 10BL, (e) 15BL and (f) 20BL, coated Fe 
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Figure 20. SEM images of bare Fe (a) before, (a) after oxidation at 200 oC in air for 2h and RGO, 

which was fabricated with (c) 5BL, (d) 10BL, (e) 15BL and (f) 20BL, coated Fe 
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Figure 21. Optical microscope images of (a) bare Cu before oxidation, (b) 5BL tRGO coated Cu and 

(c) bare Cu after oxidation at 200 oC in air for 2h. 
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Figure 22. Photographs and Raman spectra of 5BL tRGO coated Cu (a) before and (b) after oxidation 

at 200 oC in air for 2h. 
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surface were still maintained as a bright and shiny color (Figure 19), whereas, in case of 15BL and 

20BL RGO coated Fe, various Raman spectra of iron oxide such as FeOOH (218, 279, 289 and 396 

cm-1), Fe2O3 (489, 657 and 661 cm-1) and Fe3O4 (661 and 1290 cm-1) were appeared and dark shade 

surface color was observed in optical images (Figure 19. (e)-(f)) due to formation of oxide layers. 

SEM images also illustrated similar tendency, as shown in Figure 20. Our results suggests that thick 

RGO thin film affects appearance of Fe foil and is not helpful for oxidation resistance, uniformly 

fabricated 5BL RGO thin film is optimal condition. 

 

3.8. The Ability of Oxidation Resistance of tRGO thin film coated Cu  

From preceding experimental data, 5BL RGO thin film reduced at 1,100 oC was decided as an optimal 

condition and it was applied to Cu. RGO coated Cu foil, which is fabricated in the same procedure for 

the Fe samples, is also compared before and after oxidation at 200 oC in air for 2h. Figure 21 shows 

optical images of each samples. It was observed that surface color of uncoated bare Cu became a little 

green, whereas 5BL RGO coated Cu surface retained their original color. Our results in Figure 22 also 

exhibited Raman spectra before and after oxidation. Apparent copper oxides bands were not observed 

copper oxides except for D and G band originated from RGO in RGO coated Cu. However, in case of 

bare Cu, various Raman bands related to copper oxides such as Cu2O (219 cm-1), CuO (287, 329, 619 

cm-1) were formed after oxidation.40, 41 Even though their positions were slightly shifted compared 

previous reports, Raman spectra corresponded to various copper oxides were clearly observed. This 

result indicates that RGO thin films are able to protect the copper surface from oxidative conditions 

and copper oxides formed after oxidation at 200 oC in air can be simply distinguished by Raman 

spectroscopy.  

 

4. Conclusion 

We successfully synthesized graphene oxide and fabricated uniform GO and RGO thin films using 

layer-by-layer and thermal reduction. And Fabricated RGO thin films are applied for protection of 

metal surface as a barrier layer. We also found that thermal reduced RGO above 800 oC is suitable 

condition because RGO, which are reduced by hydrazine vapor or at low below 600 oC temperature, is 

not fully reduced and have more reactive functional groups and corrosive residual molecules. Even 

though RGO thin film may lead to partial oxidation and slightly change color, RGO thin is still 

transparent with oxidation resistance at optimal condition of 5BL, and their solution process is much 

easier and higher reproducibility than previous report using CVD. The ability to achieve the oxidation 

resistance with solution processed RGO thin film should provide alternative way for drawback of 

existing techniques. 
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많아 항상 바쁘지만 친절하고 똑똑하며, 기숙사방도 기꺼이 빌려주시던 아랑이 형(장아랑), 신혼 

살림하랴 실험하랴 정신 없지만 노력하시고 많이 도와주시며, 꽃등심 GO 를 만들어주신 병환이 

형님(김병환), 그리고 회사랑 학교 왔다 갔다 하시느라 바쁘신 해식이 형님(김해식), 모두 힘이 

되어주시고 많이 도와주셔서 감사 드립니다. 그 밖에도 5 층 오피스에서 슬플 때나 기쁠 때나 

소주 한잔 기울이며 술친구가 되어주시던 걸쭉한 전라도 행님 정수형, 원조 짝꿍 소피스트 

효진이형, 취직한 봉관이형, 피자랑 음료수 많이 사주신 병만이형, 연기 잘하는 형민형, 의사 

누님이 있는 잘 생긴 신호형 그리고 처음부터 지금까지 웃긴 놈 재미있다고 잘 웃어주시는 

정인이 누나 마지막으로 UNIST 축구팀 형님들께도 고맙다는 말 전하고 싶습니다. 

빠지면 안될 인생의 동반자들 창원고등학교 동창 유정회 백가, 핸호, 립슥이, 조바람, 난폭한 

곰돌이 동지이, 갱내 그리고 부경대학교 신소재공학부 04 학번이면서 LIBERO 13 기 동기이며 

신사회 회원들 김성격, 쫑고, 알중 황영환, 김도, 당슥이, 갱하이, 시간있나 내 복사이, 이본좌, 

퐝영훈 등 친구들에게도 덕분에 학위과정 잘 마칠 수 있었고, 옆에 있어줘서 고맙다는 빈말을 

전하고 싶습니다.^^ 그 밖에도 옆에서 물심양면으로 도와주신 모든 분들께 감사 드립니다. 

 

항상 옆에서 큰 울타리가 되어주셔서 고맙고 사랑해요 엄마 아빠. 

엄마 아빠가 안 계셨다면 제가 공부를 할 수 있었을까요?? 아마 마음 편히 공부 할 수 없었을 것 

같아요. 이렇게 학위 과정을 무사히 마친 것이 전부 부모님 덕분이라고 생각해요…다시 한번 

감사 드려요. 앞으로 학위과정과 공부를 더 하겠지만, 공부 열심히 해서 부모님 은혜에 보답하는 

아들이 되도록 하겠습니다. 좋은데 취직해서 아빠는 BMW, 엄마는 밍크코트 사 드릴게요. 꼭!! 

그리고 안양에서 고생하고 있는 우리 형….좀 더 고생해…이제 시작이잖아…돈 많이 벌어서 

맛있는 거 많이 사줘. ^^ 

 

다들 사랑합니다 그리고 고맙습니다! 

역동의 산업수도 Ulsan  Thank  you ~  I  LOVE  UNIST ! 
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