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Abstract 

 

The effect of oxygen functional 

groups on the electrical transport of         

multi-layered graphene oxide 

 

Baek Seungjae 

Department of Nano Science and Technology 

The Graduate School 

Seoul National University 

 

Graphene oxide (GO) has emerged as one of the active research fields as well 

as graphene. In early days, GO had been focused on obtaining good quality 

graphene. Nowadays, however, GO itself has been much attention due to 

various oxygen functional groups which can provide a facile method for 

hybrid structure, and applicability for energy device electrode by reduction to 

electrical conduction. Especially, Pd-doped GO is expected for hydrogen fuel 

cell electrode by providing large surface area and trap sites for well dispersed 

Pd nanoparticles. Although many conduction mechanism of GO already 
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reported, a comprehensive description on electrical conduction of multi-

layered GO (MGO) was not enough. In this thesis, the electrical conduction 

mechanism of MGO and Pd-decorated MGO (PdGO) are investigated as a 

function of annealing temperature and H2 gas pressure. 

 To investigate the electronic transport mechanisms in MGO, the 

temperature-dependent electrical conductivity (σ(T)) has been measured as a 

function of annealing temperature (Ta). An individual MGO flake is gradually 

reduced as the thermal annealing temperatures Ta increases from 88 to 300 °C, 

reduction process of MGO flake upon heating is confirmed by X-ray 

photoelectron spectroscopy at each annealing stage. As Ta increases, σ(T) of 

the MGO increases. The σ(T) is well interpreted by variable-range hopping in 

disordered regions in series with activated conduction across small barriers. 

The charge localized states are formed for hopping with the oxygen functional 

groups in GO, and the small activation barriers with the domain boundaries 

between the clustered oxygen functional groups and graphitic region. Both the 

hopping and activation barrier resistances decrease systematically as the Ta 

increases. 

 Afterwards, MGO and PdGO are electrically evaluated for 

adsorptive hydrogen pressure at room temperature. PdGO is made by Suzuki-

Miyaura coupling reaction using the MGO and Pd acetate, and dispersed Pd 

nanoparticles are confirmed by high resolution TEM. A pressure-dependent 
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electrical conductance of MGO and PdGO has been measured in situ during 

hydrogen gas exposure (up to 20 bar) and release processes. As H2 pressure 

increases, the electrical conductance of MGO is increases while that of PdGO 

is decreased. Using atomic force microscopy, X-ray photoelectron 

spectroscopy, and Fourier transform-infrared spectroscopy analysis, it was 

found that MGO reduction due to H2 accounts for the increase in electrical 

conductance of the MGO. For PdGO, an increase of OH groups was observed, 

which shows that PdGO was oxidized when exposed to high H2 pressure. The 

PdGO oxidation can be explained by a hydrogen spillover effect resulting in 

the decrease of electrical conductance. 

 

 

Key words : Multi-layered graphene oxide, electrical property, Pd decoration, 

hydrogen dissociation, X-ray photoelectron spectroscopy, oxygen functional 

group. 

Student Number : 2009-30729 
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Chapter 1 

 

Introduction 

 

1.1. Brief review of graphene 

 Graphene is a one-atom-thick planar sheet (0.34 nm) of two-

dimensional honeycomb lattice of carbon. The carbon atoms of one sub-lattice 

are at the center of the triangles defined by the other with a carbon-to-carbon 

inter-atomic length of 0.142 nm. The unit cell comprises two carbon atoms 

and is invariant under a rotation of 120° around any atom. It is the basic 

building block of all the “graphitic” materials such as fullerene, carbon 

nanotube, and graphite. The emergence of graphene has recently opened up an 

exciting new field in the science and technology of two-dimensional 

nanomaterials with continuously growing academic and technological 

interesting. Although the concept of graphene has been around since the 1940s, 

it was initially thought to be too thermodynamically unstable to exist under 

ambient conditions [1]. Graphene was first noticed on the platinum (100) 

surface in 1968 [2]. However, exfoliation of graphite into individual graphene 
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sheets remained a puzzle until 2004, when isolated graphene using the simple 

Scotch tape method [3] was reported. The subsequent discoveries of its 

unusual properties [4, 5] have led to tremendous interest among scientific 

researchers.  

 Graphene has a large theoretical specific surface area (2630 m2g-1), 

high intrinsic mobility (200,000 cm2v-1s-1), [6, 7] high Young’s modulus (~ 1.0 

TPa) [8] and thermal conductivity (~ 5000 Wm-1K-1), [9] and its optical 

transmittance (~ 97.7 %) [10] and good electrical conductivity merit attention 

for application such as for transparent conductive electrodes [11]. Importantly, 

these attractive properties have triggered huge interest from different research 

fields concerned with biomedicine, sensors, catalyst, transparent electrodes, 

energy conversion/storage and environmental pollution remediation. 

Moreover, fascinating transport phenomena such as the quantum Hall effect 

[12] and ambipolar electric field effect [13] are attracted for device physicists. 

The zero bandgap characteristic of graphene allows both electron and hole 

transport through ambipolar electric field effect. A carrier concentration is 

reached up to 1013 cm-2 and charge carriers can travel with extremely high 

mobility (for suspended samples, ~ 200,000 cm2V-1s-1 at room temperature) 

because of their massless nature in the linear E-k dispersion at low energy.  

The high quality of graphene implies a low density of defects and graphene 

behaves like a metal. Moreover, transparent graphene films are considered as 
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a replacement material for indium tin oxide (ITO). These remarkable 

properties enable us to make graphene useful for device applications. 

 For a long time, graphene was considered thermodynamically 

unstable. Since graphene was discovered by mechanical exfoliation method in 

2004, several methods - epitaxial growth, chemical vapor deposition (CVD), 

reduction of graphene oxide (GO) - have been successfully established for 

high quality graphene preparation. However, some of excellent characteristics 

have been achieved only for the mechanically exfoliated graphene sheet. 

Although these preparation methods are improving, equivalent characteristics 

have not been observed yet. Because defects, chemical impurities, and 

structural imperfections play a role to induce the decrease of the graphene 

quality. In addition, these different methods also produce graphene with 

different size, shape, and chemical composition. A high quality pristine 

graphene sheet obtained mechanical exfoliation is a fascinating system for 

condensed-matter physics and has allowed physicists to reveal the 

fundamental properties. However, it is insufficient to make large scale 

graphene-based materials for bulk production. If we divide into two 

preparation categories, these are bottom-up, and top-down approaches. The 

bottom-up approach is making the graphene sheets from simple carbon 

molecules. On the other hand, top-down approach is extracting layers from 

graphite. Regarding for mass production and low cost, the top-down approach 
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by reduction of graphene oxide is very convenient method. Therefore, 

oxidation and reduction of graphite is important research field. 

 

1.2. Overview of graphene oxide 

 Previously mentioned, one of the materials that played a prominent 

role in the development of graphene and its related materials is GO. This can 

be considered as a precursor for graphene synthesis. Actually GO is not a 

naturally occurring material. GO consists of a single-layer of graphite oxide 

and is usually produced by the chemical treatment of graphite through 

oxidation, with subsequent dispersion and exfoliation in water or suitable 

organic solvents. The synthesis of graphite oxide was first reported in the year 

of 1860 [14]. In 1958, Hummers and Offeman reported a new method that 

using potassium permanganate as oxidant in a mixture of sulphuric acid and 

sodium nitrate [15]. Nowadays, the Hummers method has been received and 

adopted by many researchers. GO is very similar to graphene related in 

carbon nanomaterials and, in their pristine, isolated forms etc. However, the 

properties of graphene and GO are very different. While graphene is 

composed of only sp2-hybridized carbon atoms, GO has a carbon structure 

that is interrupted by oxygen functional groups. GO is also water soluble with 

low electronic conductivity. The excellent solubility of GO in aqueous  
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solution is primarily due to its rich oxygen-containing and hydrophilic groups, 

such as hydroxyl, epoxide, carboxyl and carbonyl. By using chemically or 

thermally reduction, most of the oxygen-containing groups, in particular the 

hydroxyl(-OH), epoxide(C-O-C) and carboxyl(O=C-O), will be (partially or 

totally) removed. Hence, GO will then be converted to good conductor: 

reduced GO (rGO). The rGO can restore the conductivity but decreases its 

solubility in water and other organic solvents. The decline in solubility of rGO 

may limit its applications. However, the presence of oxygen functional groups 

of GO can also provide potential advantages for other applications.  

Fig. 1.1. rGO synthesis protocol for chemically assisted exfoliation of

graphite based on the Hummers oxidation and subsequent sonication [22]. 
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Fig. 1.2. Proposed structure of graphite oxide [20]. 
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 Understanding the structure of GO is important for chemical 

modifications. Its composition and structure of GO has been the subject of 

debate for many years due to its nonstoichiometric composition and the strong 

hygroscopicity of dehydrated graphite oxide [16]. Graphite oxide consists of 

layered structure of GO sheets and carbon to oxygen ratio is about 1.5 to 2.5. 

The inter-layer distance between the GO sheets varied from 0.6 to 1.2 nm due 

to the difference of the amount of oxygen functional groups, water molecules, 

and other impurities. The oxygen functional groups between graphite layers 

are interesting starting materials to obtain colloidal dispersions of single layer 

graphene sheets. By simple sonication, graphite oxide can be exfoliated to 

colloidal suspensions of graphene sheets. There are several models for 

preparing GO. Indicating the Staudenmaier [13], Brodie [14], Hofmann [17], 

Hummers [18], and Tour [19] methods at least seven different approaches for 

synthesizing GO have been described [20]. The structures of GO’s constituent 

oxygen functionality can vary as a function of the graphite precursor, 

oxidation conditions, and process treatments. As a result, identifying and 

quantifying the various functional groups present in GO has proved to be 

remarkably challenging. The most widely accepted structural model of GO is 

the Lerf-Klinowski model. In this model, hydroxyl and epoxide groups are 

proposed to decorate the basal plane, graphene-like regions, while carboxylic 

acids or carboxylates, depending on the pH of the solution, are present on the 



8 

  

edges of the sheets [19]. An observation of graphite oxide using high-

resolution transmission electron microscopy (TEM) has indicated the presence 

of such features on the graphite oxide sheets, in support of the Lerf–

Klinowski model [21]. 

 In order to convert from GO to graphene, reduction process such as 

thermal, chemical, and electrochemical methods have to be applied. During 

the reduction process, oxygen functional groups on (in) graphite/graphene 

oxide can be removed. However, the use of hydrazine vapor for chemical 

reduction is toxic and potentially explosive. Therefore, several other 

reductants have been explored. Thermal reduction process in vacuum or in Ar 

atmosphere at high temperature have been also carried out. In this thesis, a 

thermal annealing was carried out at a temperature of 300°C in an Ar 

atmosphere. In addition, three different methods would induce the different 

performances in electronic, physical, and structural properties. Even though 

there are much defects exist in reduced GO (rGO), these are suitable for 

applications.  
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1.3. Characterization of graphene oxide 

1.3.1. X-ray photoelectron spectroscopy (XPS) 

  

 X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 

quantitative spectroscopic technique that measures the elemental composition 

based on the photoelectric effect. The technique was first known by the 

acronym ESCA (Electron Spectroscopy for Chemical Analysis). XPS works 

by irradiating a sample material with X-ray. This X-ray excites the electrons 

Fig. 1.3. The basic principle of XPS. 1) Excitation and emission of a 

photoelectron by radiation. 2) The hole is filled by an electron of a higher

level and the released energy leads to the emission of an Auger electron. 
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of the sample atoms and if their binding energy is lower than the X-ray energy, 

they will be emitted from the parent atom as a photoelectron. Only the 

photoelectron at the extreme outer surface (1-10 nm) can escape the sample 

surface, making this a surface analysis technique. Binding energy (BE) 

represents strength of interaction between electron (n, l, m, s) and nuclear 

charge. The relationship governing the interaction of a photon with a core 

level is: 

 KE = hν –BE – eф   

Where KE is kinetic energy of ejected photoelectron, hν is characteristic 

energy of X-ray photon, BE is binding energy of the atomic orbital from 

which the electron originates, and eф is spectrometer work function. 

Identification of the elements in the sample can be made directly from the 

kinetic energies of these ejected photoelectrons. The relative concentrations of 

elements can be determined from the photoelectron intensities. An important 

advantage of XPS is its ability to obtain information on chemical states from 

the variations in binding energies, or chemical shifts, of the photoelectron 

lines. 
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1.3.2. Fourier transform infrared spectroscopy (FT-IR) 

  

 FTIR stands for Fourier Transform Infrared Spectroscopy is highly 

sensitive and quick method to achieve high quality spectrum. This 

spectroscopy gives better signal to noise ratio compared to the dispersive 

instrument. In infrared spectroscopy, IR radiation is passed through a sample. 

Fig. 1.4. Infrared light emitted from a source is directed into an

interferometer, which modulates the light. After the interferometer the light

passes through the sample compartment (and also the sample) and is then

focused onto the detector. The moving mirror oscillates at a constant velocity,

timed using the laser frequency. The two beams are reflected from the mirrors

and are recombined at the beamsplitter. The movement of the mirror thus

generates an interference pattern during the motion. The signal measured by

the detector is called the interferogram. 
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Some of the infrared radiation is absorbed by the sample and some of it is 

transmitted. The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample. From the FT-IR 

analysis, we can identify unknown materials, determine the quality of sample, 

and determine the amount of component in mixture. 

 The advantages of this technique are as follows. Solid, gases, and 

liquid can be analysed with non-destructively and simultaneously with FT-IR. 

It is a major advantage of infrared spectroscopy that the samples being viewed 

don't require any sort of special preparation. It generally completes a scans 

with 1 to 2 second. Also it shows high resolution, and sensitivity is very high. 

These advantages make FT-IR extremely accurate and reproducible. Therefore, 

it is very reliable method to identify the composition of any sample.  

 Many functional groups absorb infrared radiation at about the same 

wavenumber, regardless of the structure of the rest of the molecule. Typically 

GO spectra show features at ~1060 cm-1 (C-O), ~1228 cm-1 (-OH; in alcohol), 

~1395 cm-1 (C-O; in carboxyl), ~1627 cm-1 (C=C), and ~1720 cm-1 (C=O). 

This makes these bands reference markers for the presence of functional 

groups in a sample. These types of infrared bands are called group frequencies 

because they tell us about the presence or absence of specific functional 

groups in a sample. 
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1.3.3. High resolution transmission electron microscopy (HR-TEM) 

  

 The high-resolution transmission electron microscopy (HRTEM) 

uses both the scattered and transmitted beams. The beams create an 

Fig. 1.5. Ray diagram for a transmission electron microscope in image mode. 

In diffraction mode, another intermediate lens is inserted to image on the

screen the diffraction pattern of the back focal plane. (Illustration from 

wikipedia) 
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interference images that provides morphological, compositional and 

crystallographic information. The HRTEM is composed of an illumination 

system, condenser lens system, an objective lens system, magnification 

system, and the data recording system. A set of condenser lens that focus the 

beam on the sample and an objective lens collects all the electrons after 

interacting with the sample and form image of the sample, and determines the 

limit of image resolution. The speed of electrons is directly related with the 

electron wavelength and determines the image resolution. The image is 

formed by the interference of the diffracted beams with the direct beam (phase 

contrast). If the point resolution of the microscope is sufficiently high and a 

suitable crystalline sample oriented along a zone axis, then HRTEM images 

are obtained. In many cases, the atomic structure of a specimen can directly 

be investigated by HRTEM. 

 The HRTEM has been extensively and successfully used for 

analyzing crystal structures and lattice imperfections in various kinds of 

advanced materials on an atomic resolution scale. It allows the imaging of the 

structure of a sample at an atomic level such as surface structures, interface, 

dissociation, defects, etc. (resolution < 1 nm). A main advantageous 

characteristic of a transmission electron microscope is the possibility to obtain 

information in real space (imaging mode) and reciprocal space (diffraction 

mode) almost simultaneously.  
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Chapter 2 

 

Charge transport mechanism 

 Understanding the conduction mechanism in disordered materials 

such as GO, and organic molecular layer has attracted due to their potential 

applications. Especially the GO is extensively studied because it can be 

simply converted to graphene. The GO is nearly insulator, whereas graphene 

shows metallic behavior. The purpose of reducing of the GO is removing the 

oxygen functional groups. However, in the majority cases, reduced GO (rGO) 

has much defects, and oxygen functional groups in (on) the surface. Such 

oxygen functional groups affect the charge conduction. In this chapter, 

possible conduction mechanism will be described.  

 

2.1. Schottky (Thermionic) emission 

 Schottky emission is a conduction mechanism that the electrons 

obtain enough energy provided by thermal activation, the electrons can 

overcome the barrier height at the contact region (metal-insulator interface). 

The minimum energy required for an electron to escape the surface of a 



19 

  

specific material, called the work function. A Schottky barrier refers to a 

metal-semiconductor contact having a large barrier height (i.e. фB > kBT). The 

barrier height is defined as the potential difference between the Fermi energy 

of the metal and the band edge. In thermal equilibrium the Fermi levels on 

either side of the interface must be equal and therefore a net charge transfer 

will occur at the interface. The Schottky effect also occurs in electric 

fields E that are strong enough to neutralize the space charge at the surface. 

 

 

 

Fig. 2.1. Schematic energy band diagram of Schottky emission in metal-

insulator-semiconductor structure. 
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 The expression of Schottky emission is  

 

where J is the current density, A* is the effective Richardson constant, m0 is 

the free electron mass, m* is the effective electron mass in dielectric, T is the 

absolute temperature, q is the electronic charge, qфB is the Schottky barrier 

height, E is the electric field across the dielectric, kB is Boltzmann’s constant, 

h is Planck’s constant, ε0 is the permittivity in vacuum, and εr is the optical 

dielectric constant.  

 

2.2. Fowler-Nordheim tunneling 

 In quantum mechanics, the electron wave function will tunnel 

through energy barrier can be predicted. The probability of electrons existing 

at the other side of the energy barrier is not zero. When large positive voltage 

is applied to the metal, the right-hand side of the band diagram is lowered, and 

tunneling of electrons from the conduction band of the semiconductor into the 

conduction band of the insulator, through an approximately triangular barrier 

can occur, as shown in Fig. 2.2 (The energy band conditions for Fowler-
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Nordheim tunneling, which is a special case of direct tunneling). The Fowler-

Nordheim regime is significant for thicker dielectrics and sufficiently high 

electric fields. 

 The expression of Fowler-Nordheim tunneling is [1]. 

 

where mT
*

 is the tunneling effective mass in insulator. The assumption of this 

equation is well described in ref 1-3. These are (1) The electrons on the 

emitting electrode can be describe as a free Fermi gas (2) The dependence of 

* 1/23 2
3/28 (2 )
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8 3
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hq hE




 
    

Fig. 2.2. Schematic energy band diagram of Fowler-Nordheim tunneling in

metal-insulator-semiconductor structure. 
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carrier availability for tunneling with respect to temperature is not taken into 

account (3) The potential barrier has triangular shape and barrier lowering due 

to image forces is neglected (4) The effect of the insulator can be described by 

a single effective mass (5) The tunneling probability takes into account only 

the component of the electron momentum in the direction normal to the 

surface.   

 

2.3. Poole-Frenkel conduction 

 The Poole-Frenkel (PF) conduction mechanism is dominant in 

insulator (dielectric film) which has a large trap density and is thick enough to 

avoid tunneling process [4]. The Fowler-Nordheim tunneling implies that 

carriers are free to move through the insulator. However, PF conduction is a 

kind of trap assisted transport mechanism. The structural defects cause 

additional energy states close to the band edge, called traps. These traps 

restrict the current flow because of a capture and emission process, thereby 

becoming the dominant current mechanism. In other words, wave functions 

are localized, decaying exponentially away from trap sites (potential wells). 

Conduction is due to hopping from localized site to localized site. Hopping 

can be thermally activated (though it can also be due to tunneling). Applying a 

large electric field can affect thermal hopping rates. Lowering of hopping 
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barriers in large electric field is called PF behavior. 

 The number of electrons which can participate in the PF conduction 

is considered to be identical to that of the traps in the film on the assumption 

that one trap donates one electron. And most of the traps are assumed to 

remain in electrically neutral states [5]. For a Coulomb attraction potential 

between electrons and traps, the current density due to the PF conduction is [6] 

 

Where μ is the electronic drift mobility, NC is the density of states in the 

conduction band, qфT is the trap energy level. This conduction mechanism is 

Fig. 2.3. Schematic energy band diagram of Poole-Frenkel conduction in

metal-insulator-semiconductor structure. 
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based on thermal activation under an electric field, so it is often observed at 

high temperature and high electric field.  

 

2.4. Hopping conduction 

 After development of a transistor, it has been observed a break in the 

behavior of conductivity of Ge doped semiconductor at low temperatures. In 

1956, Conwell [7] and Mott [8] suggested a model for a new process of 

conduction in which charge carriers conduct the electric current by thermally 

activated tunneling from an occupied site to an empty site. This process has 

been known as phonon assisted hopping and triggered a new theories (or 

model) such as Miller and Abrahams models developed in 1960 [9]. This 

model is most widely accepted theory of conduction mechanism. This model 

became the foundation of the variable range hopping (VRH) theory of Mott 

[10-12]. 
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 The wave function of the localized states is proportional to exp[-

(2r/a)], where a is the site distance and r is the hopping distance. The 

probability of hopping is described as a product of a tunneling term and a 

thermally activated term. Therefore, the probability of hopping between two 

localized sates is proportional to 

 

 For a hopping process through a distance r, the average hopping 

energy W is given as 

2
~ exp                     (1)

B

r W
P

a k T

 
  
 

Fig. 2.4. Illustration of variable range hopping. The hopping length

rij changes with the temperature. 
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Here, Δ is the uniform barrier energy on each site and g is the density of state 

of the localized sites. In 3-dimension, the density of localized states g is given 

as 

 

where N is the total number of localized states. The maximum for the average 

hopping probability is obtained for an optimal value of r. In here, the hopping 

probability is rewritten as  
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To obtain the maximum value of this quantity,  

 

This clearly shows that the hopping distance r increases at low temperature. 

By substituting eq. (6) into eq. (4), the hopping probability in 3-dimension 

becomes 

 

The T0 is the hopping temperature typically in a range of T0 ~ 105 K. In 

general, for a system of dimension d, the hopping probability is written as  
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Chapter 3 

 

The effect of oxygen functional groups on the 

electrical transport behavior of a single piece 

multi-layered graphene oxide 

 

3.1. Introduction 

 Graphene has been researched extensively since it has exotic 

properties such as the anomalous quantum Hall effect caused by peculiar band 

structure and excellent electrical, mechanical, thermal, and optical properties 

[1-5]. However, the electronic structure of graphene must be controlled to 

apply in the electronics industry. Not only nanosized graphenes such as nano-

ribbon [6], nano-flakes [7] and quantum dots but doped graphene [8-11] is 

considered as the potential components for nanoelectronic devices. Moreover, 

for a practical application of graphene, the mass production is important as 

well as electronic modification. Therefore, reduced graphene oxide (GO) has 

been regarded as a promising material for application. 

GO is easily dispersed in water due to the oxygen functional groups 

(hydroxyl, epoxy, carbonyl, and carboxyl groups) that allow it to easily 
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manipulate the graphene. Multi-layered GO (MGO) is also known to have a 

layered structure with an interlayer distance that varies from 0.6 to 1.2 nm [12, 

13]. Due to these properties, GO has been used as a building block for various 

applications in composites, transparent paper-like materials, mechanical 

actuators, nanorobots, molecular sensors, supercapacitors, and hydrogen 

storage materials [14-21]. Intrinsic properties, like the oxygen atom sites in 

GO and the oxygen concentration-dependence of the conductivity (σ) have 

been investigated [22-33]. However, there is still an open issue regarding the 

charge transport mechanisms of GO. Various conduction mechanisms such as 

Mott variable range hopping (VRH) [26-29], Efros-Shklovskii (ES) VRH (the 

modified VRH model that considers the Coulomb gap) [30], Arrhenius 

(activated) behavior [31, 32], and fluctuation-induced tunneling (FIT) [33] 

conduction have been suggested. An Arrhenius (activated) behavior fits well 

in the high and low temperature regime, but not for the temperature range as a 

whole [32]. The VRH models, including the ES-VRH mechanism, have been 

proposed to explain the electrical conduction of reduced GO, because the 

oxygen functional groups of GO produce localized charge carriers. Both 

models focus on the oxygen functional groups in order to interpret the 

conduction mechanism of GO. The theoretical calculations suggested that the 

oxygen functional groups on the carbon atoms were formed as a clustered 

structure, much like the clustered hydrogen atoms on a carbon surface [34-36]. 
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This indicates that the GO is composed of the carbon domains functionalized 

by oxygen groups and the graphitic region. The domain is distinguished from 

the graphitic region by a domain boundary, so the conduction mechanism in 

MGO can form a combination of two different mechanisms: one from the 

oxygen functional groups and the other from the domain boundary. Unlike an 

earlier study [27] that investigated GO films, we report the temperature-

dependent conductivity (σ(T)) of individual MGO flakes subject to different 

annealing conditions. We show that combining VRH and activated conduction 

in series is required to understand the overall conduction behavior of the 

reduced MGO. 

 

3.2. Experimental 

3.2.1. Device fabrication 

GO sheets were produced by utilizing the Hummers method [37] 

while the GO devices were prepared by drop casting, which is applicable for a 

wide range of substrates. The GO sheets were obtained via ultra-sonication in 

deionized water using a bath-type sonicator before the solution was 

centrifuged at 10,000 rpm for 5 minutes. Then, the supernatant was dropped 

onto the highly p-doped (ρ < 0.005 Ω·cm) silicon wafer covered by a 

thermally grown SiO2 layer (300 nm thickness). Before it was fully dried, the 

dropped solution was blown out with N2 gas to avoid a densely packed GO 
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layer. A conventional electron-beam lithography (VEGA MM5150 with 30 

keV, TESCAN) and Ti/Au (5/50 nm) was deposited on top of the GO using 

the thermal evaporation system (MHS-1800, Muhan Vacuum) in order to 

define the electrode. 

 

3.2.2. Electrical measurement 

The devices were placed on a horizontal tube-type furnace (Ajeon 

Heating Industry) to reduce the GO. Before thermal annealing was conducted, 

we pumped out the chamber (< 10-2 Torr) to remove any remaining gas or 

water in the air. The flow rate of Ar gas was 100 sccm and thermal annealing 

was performed at 88, 158, 185, 215, 250, and 300 C for 2 hrs. 

From the thermogravimetric analysis (TGA), we observed GO 

decreasing in sheet mass. We then selected the annealing temperatures based 

on the inflection point of the curve in the TGA profile. The tapping mode 

AFM at 0.5 Hz confirmed the decrease in the GO sheet’s height while the 

annealing temperature increased. XPS was also carried out to probe the 

components of the GO sheet, and the σ(T) was measured using a closed loop 

cryogenic system with a temperature controller (331 Temperature controller, 

Lakeshore). The current-voltage characteristics and σ(T) vs. gate voltage (VG) 

were measured with a semiconductor characterization system (SCS-4200, 

Keithley) at temperatures from 300 K to 60 K.  
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3.3. Results and discussion 

3.3.1. Thermal reduction 

The thermal reduction process was done up to 300 C. Because the 

Au electrode were melted down and their nanoparticles were deposited on GO 

when the annealing temperature was rasied up to 1100 C (even 400 C), we 

could not measure the conductivity of the GO itself. The purpose of this study 

is the research of the conduction mechanism that is related to oxygen 

functional group. So, Ta = 300C is sufficient for this study. 

  

 

 

Fig. 3.1. HRTEM image of MGO (a) before annealing (pristine), and (b) after

annealing process at 400 C. The Au nanoparticles are melted down, and

dispersed on the MGO surface. 
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The thermal annealing temperature, Ta, of GO was determined using 

thermogravimetric analysis (TGA) (Fig. 3.2(a)). We were able to find the GO 

weight loss in a temperature range from 20 C to 185 C, which was possible 

due to the trapped water evaporation and loosely bound functional groups. 

Further mass loss was found to occur between 185 C and 250 C and was 

attributed to the removal of tightly bound oxygen functional groups [38]. The 

TGA profile shows five different inflection points, defined as Ta (Ta = 88, 158, 

185, 215, 250, and 300 C). The thickness of the reduced MGO as a function 

of Ta was measured through atomic force microscopy (AFM) in Fig. 3.2(b), 

which showed that as the Ta increased, the thickness (t) decreased from 30.1 

nm (~34 layers of GO) to 19.3 nm. 
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Fig. 3.2. (a) Thermogravimetric profile of the MGO (Green line). The orange 

line is the slope of the TGA curve while the blue dotted arrows are the 

inflection points of TGA. (b) The thickness variation of MGO as a function of 

Ta obtained from the AFM study. Inset shows the AFM image of the MGO 
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3.3.2. XPS spectra 

The reduction of the (M)GO was also investigated with XPS (Fig. 2). 

The sp2 carbon (C=C), hydroxyl (C-OH), epoxide (C-O-C), carbonyl (C=O), 

and carboxyl (O=C-O) groups were acted as expected. Before thermal 

annealing (at room temperature), 45 % of the C=C and 40 % of the C-O-C 

species existed. As Ta increased, the amount of C=C species slightly increased 

but that of C-O-C decreased. An abrupt change was observed at Ta = 185 C, 

where the amount of C=C species increased significantly by up to 62 %, but 

the C-O-C species decreased to 13 %. This is consistent with the expected 

results in the TGA profile. When Ta > 215 C, both species changed 

monotonically while at Ta = 300 C, the C=C bond increased to over 66 %. 

Fig. 3.3. The variation of the amount of carbon and oxygen groups as

Ta increases. The C=C species in MGO was initially 45 % and

increased to 66 % after annealing at 300 °C. 
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Fig. 3.4. XPS spectra of the MGO at each annealing temperature. At higher Ta, oxygen

functional groups are decreased, and C=C species are restored. 
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3.3.3. Temperature-dependent conductivity of MGO 

Temperature-dependent current-voltage (I-V) characteristics of 

MGO were studied and the linear I-V behaviors were observed at all 

temperatures. Kaiser et al. [22] already mentioned that the resistance of 

monolayer graphene oxide was not governed by Schottky barrier-

limited charge transport (SBCT) which is contact-dominant behavior. 

Therefore, we checked to make sure that the temperature-dependent 

conductance (G(T)) could not fit the SBCT:  

          
3/2 ( 1/ )( ) TG T T e               (1) 

As expected, G(T) did not follow SBCT, so that we concluded that the 

obtained σ of the MGO is originated from the intrinsic conduction channel, 

rather than the contact effect. 
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Fig. 3.5. Schottky barrier limited charge transport fitting (plot) of each Ta.

At all Ta, G(T) did not follow SBCT, so that we concluded that the

obtained σ of the MGO is originated from the intrinsic conduction

channel, rather than the contact effect. 
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 Fig. 3.6(a) represents the normalized σ(T) of the reduced MGO at 

various Ta (88, 158, 185, 215, and 250 C) obtained from the slope in the 

linear I-V region. At 300 K, the σ increased about four orders of magnitude 

upon annealing from 88 C (σ = 3.9 × 10-4 S/cm) to 250 C (σ = 8.90 S/cm). 

For the MGO that annealed at 88 C, the σ abruptly increased with the 

temperature increase at T = 240 K. In contrast, as Ta increased, the σ(T) 

became linear. In each case, the σ(T) extrapolates to zero in the zero-

temperature limit, so there are no continuous metal-like conduction paths as is 

observed in a crystalline monolayer graphene. This shows that the disorder 

due to oxygen functional groups is sufficient to localize the electronic wave 

functions across the sample width in parts of the conduction path. The shape 

change of normalized σ(T) from concave to near linear behavior resembles the 

behavior observed in disordered conducting polymers and thin carbon 

nanotube networks [40], but a transition to metallic behavior with non-zero 

σ(T) in the zero-temperature limit was often observed in those specific cases. 
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Fig. 3.6. (a) Temperature dependence of normalized σ as a function of

Ta. As Ta increases, the shape changes from concave to linear. (b) Three

dimensional VRH fitting. The three dimensional feature may be caused

by the multi-layer of GO. The dotted lines represent extrapolations of the

VRH terms in the fits that explain the data at high T. 
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 The geometric structure of the fully oxidized GO is not yet clearly 

understood. It was theoretically proposed that the oxygen functional groups 

on the graphene layer form clusters as mentioned above [40, 41] and was 

confirmed experimentally [40]. The X-ray photoelectron spectroscopy (XPS) 

confirmed that the oxygen functional groups decreased as Ta increased, which 

causes the decrease in resistivity. The temperature-dependent resistivity of 

MGO at higher temperatures fits the three dimensional (3D) VRH model (the 

fit is better suited for 3D expression compared to the two dimensional 

behavior for GO monolayers [26-29], because the sample used in this report is 

multilayered GO). Using the clustered oxygen model, we can infer that the 

GO consists of good conducting regions of graphene domains separated by 

disordered regions induced by the oxygen functional groups where σ is 

limited by variable-range hopping. 

 However, as the temperature lowered, there was a deviation from the 

VRH behavior at all annealing temperatures. The upward curve of resistivity 

above the VRH straight line in Fig. 3.7 clearly shows that as the temperature 

decreases, 1/T1/4 increases. This additional resistivity suggests the presence of 

another resistivity term that increases faster than the VRH term when the 

temperature decreases. Thus, instead of changing to metallic behavior, our 

MGO flake is showing activated-type conduction. Fig. 3.7 (solid lines) shows 

this behavior with the presence of an activated resistivity contribution added 
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in series with the VRH term: 

              

1/4
0 1( / ) /

0 1
T T T T

tot e e     
        (2) 

where kBT1 is the activation energy and T0 is the characteristic temperature 

inversely proportional to a density of states (DOS). 

 

Fig. 3.7. Three dimensional VRH with an added resistivity fitting.

Full lines are fit to Eq. (2), and the dotted lines represent

extrapolations of the VRH terms in the fits that explain the data at

high T. To see the deviation more clearly, the conductivity is

converted to resistivity.  
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 The activated resistivity increases stronger than the VRH term as the 

temperature decreases, so its effect is only evident at low temperatures. At 

higher temperatures T where kBT is comparable to or larger than the barrier 

energy kBT1, the charge carriers easily pass over the barrier. This means the 

VRH resistivity dominates the sum of resistivity in series. The VRH and 

activated resistivity terms must be in series to account for the charge transport 

behavior of the MGO, in contrast to the parallel VRH and activated 

conduction processes that were observed in some carbon nanotube networks 

[41]. The fitting parameters for each curve are listed in Table I. It shows that 

the T0 and T1 are gradually reduced as Ta increases. The decrease of T0 is 

clearly understood by the increase of DOS due to the decrease of oxygen 

functional groups. The activated conduction can be interpreted as follows. 

Generally, a potential barrier exists at the junction of two materials. In case of 

GO, a similar potential barrier whose height is proportional to the amount of 

oxygen functional groups would occur at the domain boundary the clustered 

oxygen model. In this light, if the desorption of the oxygen functional groups 

occurs, the potential barrier will decrease and leads to the decrease of T1. 

Hence, we state that the activation energy T1 is related to the domain 

boundaries as depicted in Fig. 3.8. 
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Table 1. Summary of the fitting parameters for our series VRH and activated 

model Eq. (2) for conduction in MGO for different annealing temperatures Ta. 

Ta (°C) T0 (K) T1 (K) 

158 148,757 325 

185 101,821 226 

215 84,852 217 

250 20,057 107 

 

Fig. 3.8. Schematic illustration of the combination model of VRH and

activated conduction in series to demonstrate the overall conduction

behavior. In shaded area, VRH conduction can occur due to clustered oxygen

functional groups. Red clamp is overcoming barrier to conduct between the 

clustered region. 



46 

  

3.3.4. Temperature-dependent conductivity of FGO 

 To confirm that this behavior is common in the three dimensional 

GO but not in monolayer GO, we measured the σ(T) of a few-layer GO (FGO) 

(Fig. 3.9), where the AFM measurement reveals that it is a trilayer GO (Fig. 

3.9(a)). Since the FGO has a small number of layers, we measured the gate 

voltage-dependent conductivity (Fig. 3.9(b)). As expected, ambipolarity was 

observed. As Ta increased, a charge neutrality point was shifted from 30 V for 

Ta = 185 C to 20 V for Ta = 250 C. An increase in mobility was observed, 

which resulted from the removal of oxygen functional groups by thermal 

annealing. The hole and the electron mobilities are shown in Fig. 3.10(a). The 

mobility of the GO annealed at Ta = 250 C are 0.93 cm2/V·s and 0.65 cm2/V·s 

for holes and electrons, respectively. Next, the temperature-dependent 

resistivity of FGO was measured. We found that the FGO is also well fitted 

for the combination of the VRH and activation model (Fig. 3.10(b)). 
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Fig. 3.9. (a) Thickness variation of FGO as a function of Ta obtained from the

AFM study. Inset shows the AFM image of the FGO device. The thickness

changes from 2.7 nm to 1.0 nm upon annealing from room temperature to 300 °C

(b) Gate voltage-dependent σ of the sample annealed at two different Ta at 185

(red) and 250 °C (green), as measured at 300 K. Since the sample is FGO, gate

dependence is shown clearly and the charge neutrality point was shifted toward

0 V at higher Ta. 
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Fig. 3.10. (a) Electron and hole mobilities are shown by taking the

slope in σ - VG curve. In the annealing process, both mobilities

increased. (b) Three dimensional VRH with an added resistivity fitting.

The dotted lines represent extrapolations of the VRH terms in the fits

that explain the data at high T. 
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3.4. Conclusion 

In summary, we have measured the σ(T) of the thermally reduced 

MGO and FGO as a function of Ta (Ta = 88, 158, 185, 215, 250, and 300 C). 

The XPS results showed the decomposition of the oxygen functional groups 

in GO during the annealing procedure. As a result, the σ(T) increases with an 

increase of Ta. Unlike in a monolayer GO, the VRH model is not enough to 

describe the electrical transport of the reduced MGO. A VRH model in series 

with activation over small energy barriers is appropriate to explain the 

electrical transport of a reduced MGO. Since the increase of MGO graphitic 

domain area with an increase of Ta indicates an increase of the localization 

length in the VRH, the resistivity decreases at high temperatures. At low 

temperatures, an additional activated resistivity is observed (in series with the 

VRH resistivity) and ascribed to the domain boundary in samples. 
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Chapter 4  

 

Electrical Conduction of Palladium-decorated 

Multi-layered Graphene Oxide Effected by 

Hydrogen Dissociation 

 

4.1. Introduction 

 Energy and environmental problems regarding fossil fuel depletion, 

pollution, and global warming are currently hot topics. The development of 

variable electronic devices requires smaller and highly efficient energy 

storage capabilities. For this reason, energy related storage methods like 

super-capacitors, secondary batteries, and hydrogen fuel cells have 

increasingly attracted attention. In particular, hydrogen fuel cell technology 

has emerged as a strong candidate to replace and supplement batteries in 

portable applications by offering numerous benefits over the most advanced 

existing batteries. Fuel cells produce electricity through a reaction between 

fuels (cathode) continuously supplied from an external source and an oxidant 
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(anode). Traditionally, fuel cells consist of hydrogen/oxygen cells and 

methanol/oxygen cells. The most common material as catalyst in fuel cells is 

Pt and the electricity is generated by hydrogen and methanol oxidation. The 

fuel cells can be operated at low temperature. A problem is that Pt is 

expensive, leading to limitations in commercialization. Due to the high 

surface area and excellent dispersibility for maintaining stable catalysts, 

carbon based materials such as carbon black [1], carbon nanotubes [2, 3] and 

graphene [4] have been extensively studied for use as energy related materials. 

For example, the graphene / Pt complex is based on oxygen reduction and 

methanol oxidation cells. They are catalytically more efficient than the carbon 

black (Vulcan XC-72) used in commercial markets [5, 6]. Recently, the 

graphene nanoribbon / carbon fiber / Pt complex [7] and nitrogen-doped 

graphene / Pt complex [8] have been introduced. Graphene has excellent 

electrical and structural characteristics for a two-dimensional nanostructure. 

This enables electron and ion transport through the graphene surface. Pt 

particle sizes can be controlled to 0.5 nm or less by using graphene. Because 

Pt nanoparticles are bonded to the graphene surface without agglomeration [9], 

it is possible to minimize the amount of Pt. This improves fuel cell efficiency 

due to an increase in the Pt nanoparticle surface area when used as the catalyst. 

Since Pt is expensive, however, several studies have looked for a Pt 

replacement. By a simple preparation method using carbon nanosheets with 
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Pd [10], Ag [11], Pd-Au [12], Pd-Ni [13] and Pt-Pd [14] particles, better 

results than those achieved by Pt could be obtained. In particular, Pd has been 

evaluated as an alternative to Pt due to its very good electrochemical 

performance in methanol and ethanol oxidation and lower cost [15, 16]. 

 Meanwhile, graphene oxide (GO) is used significantly in graphene 

production. GO is also an important material with various potential 

applications. In earlier days, many studies focused on obtaining large 

quantities of high quality material near graphene through GO reduction. 

However, many recent studies show interesting functions by the GO itself. 

Oxygen functional groups and defects in GO can modulate its properties by a 

chemical reaction with oxygen groups or interacting with defects. In addition, 

the high reactivity of oxygen functional groups allows an ability to oxidize 

other substances. It can also increase interaction of metal nanoparticles 

adsorbed onto the GO surface and produces new functional groups [17]. Other 

studies addressed well-dispersed Pd particles to improve the catalytic 

efficiency of fuel cells [18-20], making Pd-embedded three dimensional GO 

structures [21] and hydrogen sensors [22, 23]. Previous studies, however, 

rarely report on the variation in electrical conductivity of Pd-decorated MGO 

(PdGO), the fundamental property of PdGO, under hydrogen environment. 

 The pressure-dependent electrical conductance (G) of MGO and 

PdGO during H2 exposure (up to 20 bar) is examined along with the release 
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process. As the H2 pressure increases, the G of MGO increases while G of 

PdGO decreases. The MGO and PdGO before and after hydrogen exposure 

are examined by AFM, XPS, and FT-IR. The increse in G of MGO may be 

explained similarly as an annealing of graphene in hydrogen atmosphere. The 

decrease of G in PdGO may come from a decrease of the C/O ratio (carbon to 

oxygen ratio) by OH groups, which oxidize the PdGO surface and are formed 

when PdO is reduced by hydrogen 

 

4.2. Experimental 

4.2.1. MGO and PdGO sheets fabrication 

 MGO sheets were prepared by utilizing the Hummers method [24] 

and PdGO sheets synthesized by Suzuki-Miyaura coupling reaction with 

mixing of the MGO sheets and Pd acetate (1.1 mmol) in water [25]. The 

generation of Pd nanoparticles within the MGO support was done by bubbling 

hydrogen through a suspension of Pd2+-MGO in ethanol. After evaporation of 

solvent, we obtained powder type PdGO. Again, PdGO was dispersed in water 

and then hydrazine hydrate (N2H5OH, 99.9 %) was added to a suspension of 

PdGO. After being stirred overnight, the solution was centrifuged and washed 

several times. The residue was dried in vacuum at 40 °C. Then, the byproduct 

was heated up to 600 °C under Ar atmosphere. The detailed synthesizing 

procedure is described in ref. 25. 
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 The MGO (PdGO) devices were fabricated by drop casting, which is 

applicable for a wide range of substrates. The MGO (PdGO) sheets were 

obtained via ultra-sonication in deionized water using a sonicator before the 

solution was centrifuged at 10,000 rpm for 5 minutes. Then, the supernatant 

was dropped onto a highly p-doped (ρ < 0.005 Ω·cm) silicon wafer covered 

by a thermally grown SiO2 layer (300 nm thickness). Before it was fully dried, 

the solution was blown off with N2 gas to avoid a densely packed MGO layer. 

A conventional electron-beam lithography (VEGA MM5150 with 30 keV, 

TESCAN) and Ti/Au (5/50 nm) was deposited on top of the MGO (PdGO) 

using the thermal evaporation system (MHS-1800, Muhan Vacuum) in order 

to define the electrode. 

 

4.2.2. Device preparation 

 The MGO needs to be reduced as it is nearly insulating. The devices 

were placed on a horizontal tube-type furnace (Ajeon Heating Industry) to 

reduce the MGO in a flow of Ar. Before thermal annealing was conducted, we 

pumped out the chamber (< 10-2 Torr) to remove any remaining gas or water 

in the air. The flow rate of Ar gas was 100 sccm and thermal annealing was 

performed at 250 C for 2 hours. In prior to measurement, the samples were 

evacuated (< 10-6 Torr) with heating (100 C) for 4 hrs. A tapping mode AFM 

at 0.3 Hz confirmed the increase in the MGO sheet’s height after the hydrogen 
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exposure. XPS (Sigma Probe, VG Scientific) was also carried out to compare 

the components of carbon bonds in the MGO sheet before and after hydrogen 

exposure. 

 

4.2.3 Electrical measurement 

 The H2 pressure-dependent conductance was measured with a 

semiconductor characterization system (SCS-4200, Keithley) at 300 K. The 

H2 pressure was increased up to 20 bar (2 bar steps per hour). After one hour 

at 20 bar, the H2 pressure was released at the same rate and pumped out. At 

300 K, the resistance of the MGO and PdGO devices is in the MΩ range. 

Therefore, we measured the devices by a two-probe method. In our previous 

study on electrical properties of the MGO, we showed that G was governed by 

intrinsic channel, rather than contact effect [26]. We focused on the change of 

the G of the MGO and PdGO devices. There is an about twenty times 

difference of G between MGO and PdGO devices, but it can vary between 

different samples. Even though the MGO (and PdGO) sheets were made in 

the same one-pot process, the G of the devices is varied by one order. 
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4.3. Results and Discussion 

4.3.1. Electrical conductance of pristine MGO at high pressure H2 

gas 

 First, to apprehend the conductivity characteristics of the interaction 

between H2 and PdGO, we measured H2 pressure-dependent G of MGO. The 

H2 pressure varies from vacuum to 20 bar using a high pressure chamber at 

300 K. Fig. 4.1(a) shows an AFM image of the MGO, which has 7 layers 

(8.76 Å / layer from XRD). To show the sample configuration clearly, we 

draw the yellow dashed line as guideline. Upon exposure to H2, the average 

thickness changes from 6.9 nm to 6.5 nm (about 6 % decreased). The H2 

exposure can cause desorption of oxygen functional groups and a decrease in 

interlayer spacing. Fig. 4.1(b) shows H2 pressure-dependent G of MGO. Even 

after high vacuum (~10-6 Torr, pressure = 0 indicates high vacuum in figures), 

the G did not return to the original value obtained before H2 exposure. The 

increase in G can be explained by the same MGO reduction in H2 atmosphere 

since H2 is known as an effective annealing agent in GO thermal reduction 

[27].  
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Fig. 4.1. (a) The AFM image of the MGO. The AFM reveals it has 7 layers

with an average thickness from 6.9 nm to 6.5 nm after H2 exposure. (b) The

G of MGO during hydrogen exposure and release. The G increases as

hydrogen pressure increases, while it remains with little change during the

release process. The G does not recover even at high vacuum. 
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4.3.2. XPS spectra of pristine MGO 

 To support this suggestion, XPS was carried out. The XPS analysis 

can provide direct evidence of the chemical environment of excited atoms. Fig. 

4.2(a), and (b) shows C 1s spectra of MGO before and after H2 exposure. In 

the C 1s XPS spectra of MGO, there are five different types of carbon and 

oxygen related bonds of C=C (284.6 eV), C-OH (285.6 eV), C-O-C (286.7 

eV), C=O (288.0 eV), and O=C-O (288.9 eV) in MGO [28, 29]. Unfortunately, 

the shape of two peaks – the C 1s peaks before and after H2 exposure – are 

more or less the same. This means that it is not easy to analyze the chemical 

composition of MGO. From the area integration values, we found that the 

amount of C=C bonds increases while oxygen functional groups decrease 

after H2 exposure (Fig. 4.2(d)). A high pressure H2 environment acts as an 

annealing agent to reduce the MGO. G increases 15 % even though very small 

amounts of hydrogen functional groups are varied. Therefore, hydrogen 

would significantly affect the G of MGO. 
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Fig.4.2. C 1s XPS spectra of MGO before (a) and after (b) hydrogen

exposure. Analyzed peaks indicate different types of carbon species,

C=C (284.6 eV), C-OH (285.6 eV), C-O-C (286.7 eV), C=O (288.0 eV)

and O=C-O (288.9 eV) in pristine MGO. (c) To compare the C 1s

sprectra of before and after H2 exposure, the peaks are plotted

simultaneously ((a) and (b)). (d) The amount of carbon species are

evaluated from area weights in XPS spectra. 
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4.3.3. Electrical conductance of PdGO at high pressure H2 gas 

 The high-resolution TEM image shows Pd nanoparticles with 2-3 nm 

diameters that are attached to the MGO surface (Fig. 4.3(a)). The lattice 

fringes can be seen in the nanoparticles, as shown in the magnified Fig. 4.3(a). 

The fringe spacing, interplanar spacing of 0.23 nm, corresponds to the {111} 

spacing planes of Pd. To investigate the interaction between H2 and PdGO, we 

followed the same measurement procedure used in MGO. Contrary to the 

situation for MGO, we found a decrease of G of PdGO as the H2 pressure 

increases and G did not recover as the pressure was released, even in vacuum 

condition This behavior is similar to the pressure-dependent current variation 

in Pd-doped vanadium oxide nanowires (Pd-VONs) reported in 2010 [30]. In 

Pd-VONs, an electric current suppression occurred during H2 exposure. It 

comes from the electron transfer from VON to PdO when PdO is reduced by 

dissociated hydrogen atoms. To elucidate the dissociation effect, the states of 

PdGO before and after hydrogen exposure were investigated by AFM, XPS, 

and FT-IR spectroscopy. From the AFM analysis, PdGO is revealed to have 

13 layers and the average thickness is increased from 11.0 nm to 13.7 nm (24 % 

increased) after H2 exposure. The remarkable point is that PdGO increases in 

thickness during H2 exposure. 
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Fig. 4.3. (a) A transmission electron microscopy image shows that the MGO

surface is decorated by Pd nanoparticles. The magnified image shows that the

crystallized nanoparticles (2-3 nm) are Pd particles whose interplanar spacing is 

0.23 nm (between yellow lines). Scale bar: 20 nm (b) The G of PdGO during 

hydrogen exposure and release. The G decreases as H2 pressure increases but 

remains the same, with little change, as the pressure is released. Pressure-

dependent G of the PdGO tends to go in the opposite direction (compared to the

MGO). The AFM image of the inset reveals that PdMGO has 13 layers and the

average thickness changes from 11.0 nm to 13.7 nm (24 % increased) after H2

exposure.
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4.3.4. XPS spectra of Pd 3d of PdGO 

 The XPS peak position and area tell us the elemental identification 

and chemical state of element, and relative composition of the constituents. 

Fig. 4.4(a) and (b) show the XPS spectra of Pd before and after hydrogen 

exposure (3d5/2 (335.5  335.3 eV), 3d3/2 (340.5  340.7 eV)). PdO (Pd2+ 

3d5/2: 337.3 eV), PdO2 (Pd4+ 3d5/2: 338.4 eV) peaks may come from Pd 

oxidation as soon as Pd nanoparticles are exposed to air. When H2 is adsorbed 

on the surface, the binding energy of Pd and PdO are decreased by 0.2 eV (Pd 

3d5/2 : 335.5  335.3 eV, PdO : Pd2+ 3d5/2 : 337.3  337.1 eV). This means 

that PdO is reduced by H2 adsorption. Furthermore, the relative area of PdO 

(+PdO2) decreases from 62.9 % to 56.6 %, but Pd increases in area from 37.1 % 

to 43.4 % after H2 exposure, which may explain PdO (PdO2) reduction. The 

peaks, particularly the Pd one, are broadened substantially after the sample 

has been exposed to H2. Broadening of a peak indicates a change in the 

amount of chemical bonds contributing to the peak shape, and a change in the 

sample condition (X-ray damage) and/or differential charging of the surface. 

Amounts of C=C bonds are decreased and C-OH bonds increased after H2 

exposure. The additional C bonds in Fig. 4.4(c) and (d) changed relatively less 

and cannot be distinguished in an analysis. The C-OH peak is broadened more 

by H2 than the C=C one. The behavior can be interpreted as a decrease in the 

C=C bonds of PdGO when C-OH bonds are formed by combining with C  
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Fig. 4.4. The XPS spectra for Pd 3d of the PdGO (a) before and (b) after

H2 exposure. When the PdGO is exposed to H2, the amounts of PdO

(337.3 eV) and PdO2 (338.4 eV) decrease and Pd (335.5 eV) peak

increases. The relative weight of Pd increases, indicating PdO reduction.

(c) and (d) show XPS spectra of PdGO for C 1s before and after H2

exposure. The five species bonding, C=C, C-OH, C-O-C, C=O and O=C-

O, are shown in C 1s spectra. The amount of C-OH bonding increases but

C=C bonding decreases after H2 exposure to the PdGO. Secondary peaks

in (a) and (b) show the same behavior as the primary ones. 



68 

  

atoms and dissociated hydrogen atoms. Similar results can be found in 

previous works. Recently, the interaction between H2 and PdO film surface 

was investigated [31] and OH group formation was observed as soon as the 

PdO film was exposed to H2. The PdO was experimentally observed to be 

reduced when H2 was adsorbed onto the PdO at room temperature. In light of 

the results, PdO (PdO2) is expected to be reduced as H2 pressure increases. 

The reduction process is described in the following (similar to our previous 

study on Pd-VONs): 

                 PdO + 2H+ + 2e-  Pd + OH- + H+ 
 

 First, the PdO is formed through the partial oxidation of decorated 

Pd. When H2 is adsorbed on the PdGO surface, dissociation occurs on 

(unoxidized) Pd surface and electrons are generated. The PdO (PdO2) is 

reduced to Pd by binding the produced electrons and Pd2+ (Pd4+). The 

hydrogen atoms form OH groups by binding with PdO oxygen and then re-

formed by a C-OH bond. Therefore, the MGO supporting material is oxidized 

even more by the generated oxygen functional groups induced from hydrogen 

adsorption. As a result, G of PdGO is decreased by decreasing the sole carbon 

region (C/O ratio decreased). Since the G does not recover even at high 

vacuum (~10-6 Torr), we expect the reverse process not to occur at room 

temperature. This is a spillover effect. The hydrogen molecules are 

chemisorbed on dispersed Pd nanoparticles and dissociated, and then the 
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dissociated hydrogen atoms mitigate to the PdGO and diffuse further. The 

hydrogen atoms break carbon bonds and produce C-OH bonds 

  

4.3.5. FTIR spectra of PdGO 

 FT-IR measurements investigate the bonding interactions in PdGO 

before and after hydrogen exposure (Fig. 4.5). The PdGO spectra show typical 

features at ~1060 cm-1 (C-O), ~1228 cm-1 (-OH; in alcohol), ~1395 cm-1 (C-O; 

in carboxyl), ~1627 cm-1 (C=C), and ~1720 cm-1 (C=O) [32, 33]. After 

hydrogen adsorption, a new peak appears at 1220 cm-1 due to C-OH bond 

formation. A broad and weak peak between 2000 and 2500 shows the carbon 

triple bond transformed from a different carbon bond (from single / double 

bond to triple bond). A strong and broad peak can be seen, particularly in the 

non-exposed sample, between 3000 and 3700 cm-1 in the high frequency area 

corresponding to the stretching vibration of water molecule OH groups on the 

PdGO [34]. The decrease of the broad peak region in ca. 3000 - 3700 cm-1 is 

consistent with C-OH formation. 
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 An alternative explanation of the decrease in G by exposing 

PdGO to H2 is following. Before H2 exposure, the G of PdGO is 

considerably higher than MGO. This suggests that the G in the Pd 

particles dominate possible problems from electrical contacts to the GO 

matrix. And the Pd particles on the surface could also improve contacts 

to the electrodes. Now, upon H2 exposure, one may expect the G to 

increase as the PdO part is reduced to Pd by H2. However, hydrogen is 

known to be readily dissolved in Pd in interstitial positions, which 

Fig. 4.5. FTIR spectra of PdGO before and after H2 exposure. 
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would lead to resistance to increase. The dissolved hydrogen in Pd 

cannot be pumped out in high vacuum. Therefore, the G does not return 

to its initial value when the hydrogen gas is pumped out. This 

explanation is supported by the increase in effective thickness of PdGO 

and the width of the XPS Pd peak upon H2 exposure. Hydrogen is so 

light, the peak of PdH is so close to Pd (0.3 eV higher than Pd). Hence, 

it is not possible to extract PdH from the Pd peak in XPS data fitting. 

On the other hand, the change in the C-OH bond shown in Fig. 3 (c), (d) 

is significantly bigger compared with the Pd peak change in Fig. 3(b). 

We conclude that the above effect of H2 dissolved Pd is not major 

mechanism for the G decrease. 
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4.4. Conclusion 

 We have presented an experimental study of the hydrogen 

pressure-dependent G in the MGO and PdGO. As the hydrogen gas 

pressure increases, the G of MGO also increases while it decreases in 

PdGO. To elucidate the interaction between high pressure hydrogen 

molecules and PdGO, the states of MGO and PdGO before and after 

hydrogen exposure were investigated through AFM, HRTEM, XPS, 

and FT-IR analysis. In MGO, we explained the oxygen functional 

group desorption that is similar to the annealing effect. Meanwhile, the 

hydrogen molecules are chemisorbed on dispersed Pd nanoparticles and 

dissociated in PdGO and the dissociated hydrogen atoms interact with 

PdO and form OH groups. The OH groups combine with carbon in 

PdGO and produce C-OH bonds As a result, the G of PdGO decreases 

due to the decreased C/O ratio and more oxidized states induced by C-

OH bonds. The conductivity of the Pd particles themselves may also be 

affected by a hydrogen uptake. Our study has elucidated the properties 

of PdGO when exposed to H2 and improved the understanding of the 

role by PdGO in applications like gas sensors and fuel cells.  
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Chapter 5 

 

Conclusion 

 

 Although many conduction mechanism of GO already reported, a 

comprehensive description on electrical conduction of multi-layered GO 

(MGO) was not enough. In this thesis, the effect of oxygen functional groups 

on the electrical transport of multi-layered graphene oxide was described. The 

oxygen functional groups were modulated by thermal annealing and H2 gas 

pressure.  

 First, to investigate the electronic transport mechanisms in MGO, the 

temperature-dependent conductivity (σ(T)) has been measured as a function of 

annealing temperature (Ta). An individual MGO flake was gradually reduced 

by thermal annealing at temperatures Ta from 88 to 300 °C, reduction process 

of MGO flake upon heating is confirmed by X-ray photoelectron spectroscopy 

at each annealing stage. As Ta increases, σ(T) of the MGO increases. Unlike in 

a monolayer GO, the VRH model was not enough to describe the electrical 

transport of the reduced MGO. The VRH model in series with activation over 

small energy barriers was appropriate to explain the electrical transport of a 

reduced MGO. In other words, the σ(T) was well interpreted by variable-
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range hopping in disordered regions in series with activated conduction across 

small barriers. The charge localized states were formed for hopping with the 

oxygen functional groups in GO, and the small activation barriers with the 

domain boundaries between the clustered oxygen functional groups and 

graphitic region. Since the increase of MGO graphitic domain area with an 

increase of Ta indicates an increase of the localization length in the VRH, the 

resistivity decreases at high temperatures. Both the hopping and activation 

barrier resistances decrease systematically as the Ta increases. At low 

temperatures, an additional activated resistivity is observed (in series with the 

VRH resistivity) and ascribed to the domain boundary in samples. 

 Secondly, MGO and PdGO were electrically evaluated for adsorptive 

hydrogen pressure at room temperature. PdGO was made by Suzuki-Miyaura 

coupling reaction using the MGO and Pd acetate, and dispersed Pd 

nanoparticles are confirmed by high resolution TEM. A pressure-dependent 

electrical conductance (G) of MGO and PdGO has been measured during H2 

gas exposure (up to 20 bar) and release process. As the H2 gas pressure 

increases, the G of MGO also increases while it decreases in PdGO. To 

elucidate the interaction between high pressure hydrogen molecules and 

PdGO, the states of MGO and PdGO before and after hydrogen exposure 

were investigated through AFM, HRTEM, XPS, and FT-IR analysis. In MGO, 

the oxygen functional group desorption occurs that is similar to the annealing 
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effect. Meanwhile, the hydrogen molecules are chemisorbed on dispersed Pd 

nanoparticles and dissociated in PdGO and the dissociated hydrogen atoms 

interact with PdO and form OH groups. The OH groups combine with carbon 

in PdGO and produce C-OH bonds. As a result, the G of PdGO decreases due 

to the decreased C/O ratio and more oxidized states induced by C-OH bonds. 

The G of the Pd particles themselves may also be affected by a hydrogen 

uptake. The PdGO oxidation explained by a hydrogen spillover effect and the 

decrease of electrical conductance may be due to this behavior.  
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요약 (국문초록) 

 그래핀에 대한 활발한 연구와는 별도로 산화그래핀에 

대한 연구관심이 높아지고 있다. 초기에는 양질의 그래핀을 대

량으로 합성하고자 하는 목적에서 시작하였다. 하지만 다양한 

산소작용기를 지니고 있어 하이브리드가 용이하고 환원과정을 

통해 전기전도성을 부여할 경우 에너지소자의 전극으로 활용

이 가능하다는 등 여러분야의 응용 가능성을 보여주고 있어 

산화그래핀 자체에도 많은 연구들이 이루어지고 있는 것이다. 

특히 넓은 면적, 고르게 분산된 나노입자를 구속할 수 있다는 

점에서 팔라듐(Pd)을 도핑한 산화그래핀은 수소연료전지의 전

극으로의 활용이 기대되고 있다. 이에 따라 환원된 산화그래핀

의 전기 전도 현상을 규명하기 위한 다양한 이론들이 제시되

어 있지만 다겹의 산화그래핀의 경우는 보고가 미비한 실정이

다. 따라서 본 논문에서는 다겹의 산화그래핀의 온도의존성 전

기전도도 측정 및 Pd을 도핑한 다겹 산화그래핀의 수소 압력 

의존성 전기전도도를 측정하여 다겹의 산화그래핀에서 일어나

는 전도 현상을 기술하고자 한다. 

   먼저 산화그래핀의 전기전도 특성을 파악하기 위하여 

환원 온도에 따른 다겹의 산화그래핀의 온도의존성 전기전도

도를 측정하였다. 하나의 샘플에서 점진적으로 환원온도 (88, 

158, 215, 250, 250, 300 ℃)를 높여가며 진행하였으며 각 

환원온도에서의 탄소/산소그룹 조성은 XPS를 통하여 확인되
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었다. 그 결과, 환원온도가 높아질수록 산소작용기는 감소하게 

되며 전기전도도는 증가함을 발견하였다. 전기전도 특성은 가

변범위호핑 (Variable Range Hopping : VRH)과 직렬로 연결

된 활성화된 전도(activated conduction)의 합으로 잘 설명되

었다. 즉, 산화그래핀의 산소작용기 그룹의 도메인(domain) 

안에서는 호핑을 위한 국소영역이 형성되어 VRH가 일어나고 

도메인의 경계에는 작은 장벽이 형성되어 활성화된 전도가 일

어나게 되는 것이다. 환원온도가 높아질수록 호핑 저항과 장벽 

저항이 감소하였다. 

 그 다음으로 상온에서 다겹 산화그래핀과 Pd이 도핑된 

다겹 산화그래핀의 고압의 수소 환경에서 수소 흡착에 따른 

전기전도도 특성을 분석하였다. Pd이 도핑된 산화그래핀은 

Suzuki-Miyaura coupling reaction을 사용하여 만들어졌으며 

HRTEM을 통하여 Pd 나노입자가 고르게 분산되어 있음을 확

인하였다. Pd이 도핑된 다겹 산화그래핀의 수소 흡착 특성을 

알아보기 위해 먼저 다겹 산화그래핀을 절대온도 300도에서 

20 bar 까지 수소압력을 높혀가며 수소압에 따른 전기전도도

를 측정하였으며 그 후 Pd이 도핑된 산화그래핀도 같은 방법

으로 실시하였다. 또한 다시 수소압을 감소시키며 측정을 하였

고 진공상태로 만든 후 재측정을 실시하였다. 그 결과, 수소압

이 증가할수록 다겹 산화그래핀의 전기전도도는 증가하였으나 

Pd이 도핑된 다겹 산화그래핀은 감소하는 현상을 보였다. 

AFM, XPS, FT-IR 분석을 통하여 MGO의 전기전도도 증가
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는 수소가스에 의한 MGO 환원이 원인일 것으로 여겨진다. 반

면 PdGO에서는 수소가 해리되어 -OH 그룹이 형성됨과 PdO

가 환원되었음을 발견하였다. 결과적으로 –OH 그룹의 생성은 

PdGO를 더욱 산화시켜 전기전도도는 감소하게 된다. 

 

 

주제어: 산화그래핀, 전하수송, 팔라듐도핑, 수소환경, X-선 
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