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Abstract 

Graphene has attracted a great deal of interest due to its remarkable electrical and 

thermal properties. For a cheaper, simpler, more efficient and better yielding method of 

producing graphene, graphene oxide (GO) comes to the fore. Because GO has sp2- and 

sp3-hybridized carbon atoms in contrast with graphene, GO has various properties from 

insulator to semiconductor by controlling of the amount of sp3-bondings. Especially, 

recent advances in reduction technique introduce GO as an electronic, optoelectronic, and 

chemical sensing. Moreover, the surface of GO has many active sites to decorate metals 

due to their oxygen functional groups. These wrapping sites by functionalities enhance 

the coverage of metal nanoparticles. Metal decoration also can be a considered method 

controlling GO’s properties due to the interaction between metal nanoparticles and 

oxygen functional groups of GO. Forming the oxidized metal interlayer at interface of 

metal and GO is occurred by metal decoration and hence the band gap of GO is changed 

by changing the amount of sp3-bondings. Metal nanoparticle can be decorated onto the 

surface of GO with covalent binding or weak interactions and controlling the properties 

of GO by changing the amount of sp3-bondings of GO. 

 In the first part of thesis, we study the relationship between microstructures 

and electrical properties of metal decorated GO. The microstructures of metal 

nanoparticles are investigated using transmission electron microscopy and electrical 
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properties of metal decorated GO are obtained by probe station. We found that Pd 

nanoparticles strongly interact with GO rather than Ag or Au nanoparticles. Thus, Pd 

nanoparticles on GO were decorated with specific growth direction and exert a strong 

influence on electrical properties related to the formation of PdO interlayers between Pd 

nanoparticles and the surface of GO. In the second part, we investigate the possibility of 

Pd decorated GO with strong interaction to apply hydrogen gas sensor and photocathode 

due to the changing the electric properties of Pd decorated GO. We found that the 

sensitivity in gas sensor and the onset potential in photocathode are related to the 

coverage of Pd nanoparticles on GO. 

 

Key words: Graphene oxide (GO), Metal decoration, Transmission electron 

microscopy (TEM), Electrical property, Hydrogen gas sensor, Photocathode. 

Student number: 2006-20880 

              Jong-Myeong Jeon 
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Chapter 1. 

Introduction 

1. 1. Graphene oxide 

 In recent years, graphene, the two-dimensional honeycomb structure 

of carbon atoms with sp2 bonding, has been attracting much attention due to 

its remarkable electrical and thermal properties including a high current 

density of 109A/cm2, a high carrier mobility of 104 cm2/Vs and a thermal 

conductivity of 103 W/mK. Because of these remarkable properties, graphene 

is considered as novel material that it can replace materials currently being 

used in advanced electronics, optoelectronics, and energy storage and 

conversion. [1-5] Moreover, chemical sensing is also the promising application 

because the electron transport can be very sensitive to adsorbed molecules. [6] 

Furthermore, graphene-based sensors would be the flexible electronics due to 

their high transparency and considerable stretchable property. [5, 7, 8] 

 For the advantages of graphene-based materials, graphene oxide(GO) 
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is attracting attention for a cheaper, simpler, more efficient and better yielding 

method of producing graphene. Due to the presence of the oxygen 

functionalities, GO has an easy dispersability in water and other organic 

solvents. Thus, it dispersed a few layers flakes and monolayer flakes. The 

structure of GO has several older models with regular lattices composed of 

discrete repeat units. The recent models of GO have a nonstoichiometric and 

amorphous alternative like the well-known Lerf-Klinowski model (Figure 1.1). 

[9, 10] In contrast with graphene, GO has sp2- and sp3-hybridized carbon atoms. 

The ratio of sp2- and sp3-hybridized carbon atoms changes by reduction. 

These ratio changings lead to the change of GO’s bandgap and transforming 

GO from insulator to semiconductor (Figure 1.2). In figure 1.2, electrical 

properties of GO were changed due to reduction by heat treatment. In this 

regard, GO could be considered as various application such as an electronic, 

optoelectronic, and chemical sensing materials.[11-13] Particularly, defects such 

as oxygen functionalities and holes that presented from basal plane can work 

as active sites for interaction with reacting molecules. Thus, the investigations 

of unexpected reducing processes such as interaction between decorated metal 

and surface of GO are needed for a controlling the insulating GO to the 
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semiconducting reduced GO (rGO) by metal decoration. Here, we aim to find 

the relationship between the electrical properties of GO and metal decorated 

effects which show on following section. 
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Figure 1.1 A structure of GO by Lerf-Klinowski model. 
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Figure 1.2 Resistance changing by reducing effect of heat treatment. 
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1.2. Metal decoration 

 Metal decoration of chemical sensing applications were affected on 

enhancing gas sensitivity, gas selectivity, and responding time. [14-16] In 

semiconductor gas sensors, surface of semiconductors are sensitive region to 

certain gases. In air, the electron depletion regions were formed at surface of 

semiconductor by the adsorption of oxygen. When exposed to reducing gas 

such as CO, the decrease in resistance is occurred by the desorption of oxygen. 

Metal decoration on semiconductor gas sensors have a spillover effects, which 

assist surface of semiconductor in adsorpting the ionized hydrogen and 

oxygen in air. Moreover, metal decoration make an additional electron 

depletion regions at interface of metal and semiconductors. Thus, these metal 

decoration on semiconductor gas sensors has been effected on the increase of 

sensitivity and the decrease of reacting temperature. 

 Metal decoration has an interest on carbon based materials as a 

support material for the dispersion and stabilization of metal nanoparticles. [17-

22] For example, metal nanoparticle deposition on carbon nanotube(CNT)s 

have been attaching much attention due to their large chemically active 
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surface and stability at high temperatures CNTs. These metal decorations on 

carbon-based materials may give rise to new materials with properties for 

catalysis, nanotechnology, and other applications. For generating 

nanoparticles, the reduction of metal is generally used. Commonly used 

metals are noble metals such as Pd, Pt, Ag, and Au, the reduction process is 

carried out to these metals on carbon-based materials, the nanoparticles are 

sticked to the carbon-based materials by van der Waals or other weak 

interactions. The reduction process is enacted by heat, light, and reducing 

agents. These metal nanoparticles are used as catalysts and enhanced their 

properties on support materials as carbon-base materials. Thus, these 

materials are commonly used as gas sensors, biosensors and hydrogen storage 

materials. For improving coverage of metal nanoparticles, various treatments 

are enacted on surface of carbon-based materials and organic molecules are 

sticked to the surface. These wrapping sites by polymers has been active sites 

to bind nanoparticles. 
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Figure 1.3 Enhanced gas sensitivity by metal decoration. 

 

 

Figure 1.4 Change of gas selectivity by different metals decoration. 
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Figure 1.5 Enhancement of responding and recovering speed by metal 

decoration. 
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Metal decoration are effects on resistances of metal oxide 

nanostructures.[23, 24] The evolution of IDS with increasing Au deposition time 

is shown in figure 1.6. For exposure times exceeding ~4 x 103 s a dramatic 

increase in conductiance is observed. This manifests the onset of percolation 

between adjacent nanoparticles, essentially shorting out the SnO2 nanowire. 

Prior to reaching percolation and beginning immediately upon metal 

deposition one observes a significant reduction in conductance thet plateaus. 

In figure 1.7, the R values of the Co3O4-decorated ZnO NW sensor were 8-60 

times higher than those of the ZnO NW sensor. Thus, significant increase of R 

by Co3O4 decoration was attributed to the extension of the electron depletion 

layer by the formation of p-n junctions between p-type Co3O4 and n-type ZnO. 

And decorated metal catalyst’s size, shape and oxidation state are influence 

with the devices’ properties.[25-27] In figure 1.8, the size effects of metal 

catalyst are shown. The catalytic effects are changed by size of metal. Also, 

the shape of metal catalyst is important because the catalytic effects were 

influenced by the crystal orientation of metal catalyst as shown in figure 1.9. 

The oxidation states of metals are also effects on catalytic effects as shown in 

figure 1.10. 



  

11 
 

 

 

 

Figure 1.6 Source-drain current through a nanobelt measured during Au 

deposition. 
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Figure 1.7 Morphology and resistance changing of Co3O4 decorated ZnO 

nanowires. 
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Figure 1.8 Size effects of Au nanoparticles on TiO2.

 

Figure 1.9 Shape effects of Ag nanoparticles. 
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Figure 1.10 Oxidation effects of Pt decorated TiO2. 
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1.3. Research object 

The surface of GO has many active sites to interact with decorate 

metals due to the existence of their oxygen functionalites. Moreover, noble 

metal decoration has a significant influence on the various properties of oxide 

materials. Thus, it is important to study how the noble metal interact with the 

oxygen functionalities of GO. Metal nanoparticle can be decorated onto the 

surface of GO though covalent binding or weak interactions between the 

decorated noble metals and the oxygen funtionalities of GO differently. In 

addition, metal nanoparticles are influenced to the functionalities of GO and 

changed GO’s physical properties. Although the study on the distribution and 

size of the metal nanoparticles has been shown much progress, the study of 

the reaction between the surface of GO and metal nanoparticles has not. Here, 

we find the link between the microstructure and electrical properties of noble 

metal decorated GO by TEM, XPS and probe station. Moreover, the 

relationship between physical properties of metal decorated GO and growth 

morpology of decorated metal is investigated for the finding the possibility of 

metal decorated GO about various applications such as H2 gas sensor and 
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water splitting applications. 
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Chapter 2. 

Literature review 

2. 1. Graphene oxide 

  2. 1. 1. Synthesis of graphene oxide 

 Graphene oxide (GO) is synthesized by various methods such as 

Brodie, Staudenmaier, and Hummers method.[1-3] The important thing of all 

three methods is oxidation of graphite. Brodie and Staudenmaier methods are 

using a combination of potassium chlorate (KClO3) with nitric acid (HNO3), 

and the Hummers method is using a combination of potassium permanganate 

(KMnO4) and sulfuric acid (H2SO4) to oxidize graphite. Graphite salts made 

by intercalating graphite with strong acids such as H2SO4, HNO3, and HClO4 

have also been used as precursors for the subsequent oxidation to GO.[4] The 

polarity of oxygen functional groups make GO hydrophilic, so GO can be 

exfoliated in many solvents, and dispersed well in water. [5] Dispersions of GO 

suspensions can be obtained by stirring and sonication in solvents. 
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2. 1. 2. Structures of graphene oxide 

 In the initial stages of GO research, the structure of GO has regular 

lattices composed of discrete repeat units. Hofmann and Holst’s structure 

consisted of epoxy group on the basal planes of graphite. [6] The new structure 

proposed by Ruess includes hydroxyl groups into the basal planes. [7] This 

model proposed the structure of basal plane with an sp3 hybridized bonding. 

Scholz and Boehm proposed the structural model without the epoxide and 

ether groups. [8] The structural model proposed by Nakajima and Matsuo 

proposed by the assumption of a lattice framework like poly dicarbon 

monofluoride. [9] Each of these models was a valuable contribution to 

understanding the chemical nature of GO by suggesting a stepwise 

mechanism. [10] Figure 2.1 shows each of these models of GO. The most 

recent models of GO have proposed with the rejecting the lattice based model 

and have focused on a nonstoichiometric, amorphous alternative. The model 

of Lerf and Klinowski is well-known model as shown in figure 1.1. [11, 12] 
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Figure 2.1 Various models of GO structure. 
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2. 1. 3. Reductions of graphene oxide 

 GO is electrically insulating materials due to the existence of their 

sp2- and sp3- bondings. By reducing GO, the ratio of sp2- and sp3- bondings 

can be changed so the electrical conductivity of GO can be changed. Graphite 

oxide contains oxygen functional groups such as alcohols and epoxides, but 

retains a stacked structure like graphite with larger spacing due to water 

intercalation.[13] GO is similar to graphite oxide chemically but it is very 

different structurally. While graphite oxide retain a stacked structure, GO is 

exfoliated into few layer or monolayer. In order to exfoliate graphite oxide to 

GO, stirring and sonicating GO in solvents are using commonly. Sonication in 

solvent is much faster than stirring, but its disadvantage is the damage on GO 

suspensions. [14] 

 The reduction process is the most important reaction of GO due to 

the changing the properties of GO between insulating GO and conducting 

reduced GO (rGO) like graphene. In order to obtain large-scale graphene, 

chemical conversion of GO by reducing is the most obvious and desirable 

method to large quantities of graphene-like materials. These reducing methods 
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can be done by chemical, thermal, or electrochemical reduction and lead to 

product rGO similar to graphene. 

 

2. 2. Gas sensing mechanism 

 Semiconductor gas sensors are commonly manufactured using metal 

oxide materials. Gas sensing is depended on carrier density behavior of oxide 

materials. Metal oxide materials compose of n-type semiconductors such as 

SnO2, ZnO, and p-type semiconductors such as CuO, NiO according to the 

major carriers. [15-18] Oxide semiconductor gas sensors operate through the 

change of electrical resistance by oxidizing the oxide surface due to oxygen 

adsorption. These oxygen adsorption and desorption are important to 

understand gas sensing mechanism because these adsorbed oxygen atoms 

become negative charged oxygen ions and attract the surface electrons of 

oxide semiconductors. 

 In case of n-type semiconductors, the majority carriers are electron 

and electron depletion layer is formed on the oxide surface by the adsorbed 
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oxygen ions. When the n-type semiconductor sensor is exposed under 

reducing gas ambient, the adsorbed oxygen reacts with reducing gases to 

release trapped electrons back to the oxide, then decrease in electrical 

resistance of sensor occurs. Conversely, under oxidizing gas ambient, 

oxidizing gases directly adsorb on the oxide surface to form negatively 

charged ions, resulting in an increase in resistance of sensor by the expansion 

of electron depletion layer. This change of electrical resistance of gas sensor 

depends on the presence and concentrations of target gases. [19-21] 

 On the other hand, in case of p-type semiconductor gas sensors, they 

have an opposite behavior because the majority carriers are positive holes. 

Adsorbed oxygen causes decreased electric resistance by the generation of 

positive holes through the attracting internal electrons. When the n-type 

semiconductor sensor is exposed under reducing gas ambient, the oxidation is 

carried out between adsorbed surface oxygen and gases to release trapped 

electrons, resulting in an increase in resistance due to recombination between 

holes and released electrons. Under oxidizing gas ambient, gas molecules also 

adsorb on oxide surface and attract surface electrons to form negative charged 

ions, resulting that the electric resistance is decreased. [22, 23] 
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Figure 2.2 Schematics of (a) n-type and (b) p-type oxide semiconductors. 
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2. 3. Photoelectrochemical water splitting 

 The concept of photoeletrochemical (PEC) water splitting for 

hydrogen production has been studied for decades.[24] A PEC solar-to-

hydrogen conversion efficiency got up to 12.4%.[25] A PEC technology has 

been attracted much attention with combining the harvesting of solar energy 

and the electrolysis of water into a single device. When a PEC semiconductor 

device dipped in an aqueous electrolyte is irradiated with sunlight, the photon 

energy is converted to electrochemical energy. This electrochemical energy 

can directly split water into hydrogen and oxygen. Thus, solar energy is 

converted into a more storable form of energy. 

 In order to operate a PEC solar water splitting process efficiently and 

sustainably, several key factors have to be satisfied simultaneously as follows : 

1) generating enough voltage upon irradiation of sunlight to split water, 2) the 

small band gap enough to absorb a significant portion of the solar spectrum, 3) 

the band edge potentials around the hydrogen and oxygen redox potentials at 

the surfaces, 4) a long-term stability against corrosion in aqueous electrolytes, 

and 5) the charge transfer from the surface of the semiconductor to the 
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solution must be facile to minimize energy losses due to kinetic overpotential 

and selective for the hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER). 

 Figure 2.3 shows fundamental processes in a PEC devices with a 

two-electrode system consist of a photoanode absorbed photons and counter 

electrode. Irradiating photons (hv) generate electrons (e-) and holes (h+) with a 

labeled efficiency (ŋe-/h+). Then, the generated electrons and holes by 

irradiating photons separate and travel through the semiconductor in the 

opposite direction and ŋtransport is the efficiency associated with the charge 

transport process. The holes make the OER at the surface of the working 

electrode and the electrons are traveled to the back contact and through an 

electrical connection to the surface of the counter electrode to make the HER. 

The combined efficiency of the charge transfer at the solid-liquid interface for 

both electrons and holes is labeled ŋinterface. The minimum thermodynamic 

voltage for water splitting is 1.23V. [26] 
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Figure 2.3 Band structure of an n-type photoanode of water splitting device. 
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Chapter 3. 

Relationship between microstructure and 

electrical properties of metal decorated GO 

3. 1. Introduction 

 Recently, graphene-based materials are gaining great deal of interest 

due to their remarkable electrical and thermal properties. These remarkable 

properties is a major cause of considering graphene as novel materials in 

advanced electronics, optoelectronics, and energy storage and conversion.[1-5] 

In order to obtain large-scale graphene with high quality, graphene oxide(GO) 

has been attracting attention as a cheaper, simpler, more efficient and better 

yielding method. Moreover, the advantages of GO is an easy dispersion in 

solvents with a few layers and monolayer flakes due to the presence of the 

polar oxygen functionalities. 

 Because GO has the oxygen functionalities, the sp2- and sp3-

hybridized carbon atoms are coexisted on GO. The coexistence of the sp2- and 
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sp3-hybridized carbon atoms leads to the modification of GO’s bandgap. Thus, 

the physical properties of GO could be decided by the ratio of sp2- and sp3-

hybridized carbon atoms. Metal decoration is widely known as the major role 

of determining the physical properties of various semiconductor 

applications.[6-10] Thus, the properties of semiconducting GO can be controlled 

by decoration different metals. The oxidizing ability of noble metals are 

different each other. This idea lead to make the difference in the 

microstructures and physical properties of metal decorated GO. Here, we 

study the relationship between microstructures and electrical properties of 

metal decorated GO by TEM and I-V measurements. 

 

3. 2. Experimental method 

 GO was synthesized from natural graphite powders by using the 

modified Hummers method.[11] By using the ultrasonication of GO paper in 

deionized water, GO sheets were obtained. The resulting GO suspensions 

were stable for several months without aggregation due to the hydrophilic 

oxygen functional groups of the GO sheets. The concentration of the GO 
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suspension was 0.2 g/L. This GO suspension was casted onto Cu mesh grids 

for TEM experiments and Si substrates coated with Au one-finger electrodes 

for I-V sweep measurements. The metal nanoparticles were decorated onto Cu 

mesh grids and one-finger electrodes substrates by e-beam evaporator. (Figure 

3.1) Decorated metals were Pd, Ag, and Au with various thicknesses. Using 

transmission electron microscopy (TEM), we found that the coverage of metal 

nanoparticles on GO sheets and microstructures of metal nanoparticles. Using 

x-ray photoelectron spectroscopy (XPS), the extents of oxidation of metal 

nanoparticles were observed. And the changing of electrical properties by 

different noble metals decoration was observed by I-V sweep measurement. 
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Figure 3.1 Schematic of metal decorated GO sample preparation. (a) Si 

substrate coated Au one-finger electrode, (b) dropping the GO on one-finger 

substrate, and (c) metal decoration by e-beam evaporator for I-V sweep 

measurement. (d) Cu mesh grid, (e) dropping the GO on Cu mesh grid, and (f) 

metal decoration by e-beam evaporator for TEM observation. 
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3. 3. Results and discussions 

Figure 3.2 show the plane-view TEM images of the Pd-decorated GO sheets. 

The Pd nanoparticles were decorated onto GO sheets uniformly. As 

evaporating times were increased, the size of Pd nanoparticles was increasing 

from ~2 nm to ~4 nm uniformly and the coverage of Pd nanoparticles also 

was increasing from ~20 % to ~60 %. When the evaporating times were 

above 100 s, the Pd nanoparticles were adhered each other lead to percolation 

due to the increasing of particle size and coverage as shown in figure 3.2 (e) 

and (f). 
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Figure 3.2 The images of Pd nanoparticles; (a), (b) evaporating time 20 s , (c), 

(d) evaporating time 50 s, and (e), (f) evaporating time 100 s. 
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 Figure 3.3 and Figure 3.4 show that the plane-view images of the Ag 

and Au nanoparticles decorated onto GO sheets. The Ag and Au nanoparticles 

were decorated onto whole GO sheets. However, as the evaporating times 

increasing, the size of Ag and Au nanoparticles was not uniform in 

comparison with the Pd nanoparticles. While some Ag and Au nanoparticles 

were enlarged above 10 nm as increasing evaporating times, the small 

nanoparticles are still existed. And the coverage of Ag and Au nanoparticles 

was increasing gradually but slower than that of Pd nanoparticles. The change 

of an aspect of coverage of Ag and Au nanoparticles was different with Pd 

nanoparticles. The difference of the coverage of metal nanoparticles was 

summarized in table 3.1.  
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Figure 3.3 The images of Ag nanoparticles; (a), (b) evaporating time 20 s , (c), 

(d) evaporating time 50 s, and (e), (f) evaporating time 100 s. 
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Figure 3.4 The images of Au nanoparticles; (a), (b) evaporating time 20 s , (c), 

(d) evaporating time 50 s, and (e), (f) evaporating time 100 s. 
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Metal Evaporating time (s) Coverage (%) 

Pd 
20 ~ 20 
50 ~ 35 

100 ~ 60 

Ag 
20  ~ 12.5 
50 ~ 20 

100 ~ 30 

Au 
20 ~ 12.5 
50 ~ 20 

100 ~ 30 
 

Table 3.1 Amounts of coverage of three noble metals. 
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Figure 3.5 Cross section images of (a) Pd on GO (evaporating time 100 s), (b) 

Au on GO (evaporating time 100 s). 
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 The cross-section images of metal nanoparticles on GO is shown in 

figure 3.5. In figure 3.5 (a), the Pd nanoparticles were grown like thin film. 

Inset image shows the worm-like shape due to percolation as shown in figure 

3.2 (f) confirmed by different Z-contrast. The thickness of Pd nanoparticles is 

about 3~4 nm. In contrast to Pd nanoparticles on GO, Au nanoparticles on GO 

were grown like spherical island. The thickness of Au nanoparticles is about 

5~8 nm. This difference originates in interaction between metal and GO as 

follows. 

 We assume that these differences of coverage of metal nanoparticles 

originate in the interaction between the metals and the graphene. In other 

words, different metals on graphene show different growth morphologies such 

as coverage and growth mode. The metal adatom adsorption energy on 

graphene is considered as the useful information about these interactions. In 

the past several years, the calculation of adsorption energies about various 

metal adatoms on graphene layer has been carried out by first-principles 

calculations based on density functional theory for getting detailed 

information of the interaction of the metals with graphene. [12-15] The 

adsorption energy Ea is defined as the difference between the energy of the 
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relaxed adatom on graphene and that of the isolated graphene and an isolated 

metal adatom. The smaller adsorption energy means that the interaction 

between metal adatom and graphene is very weak. In contrast, the interaction 

between metal adatom and graphene is strong with larger adsorption energy. 

In figure 3.6 (a), the adsorption energy of Pd adatom on graphene is larger 

than that of Ag and Au. These results mean that the interaction between Pd 

adatom and graphene is stronger relatively. In case of Ag, the adsorption 

energy is very small, suggesting that the interaction between Ag adatom and 

graphene is very weak. Thus, the adsorption of Ag adatom on graphene is 

physisiorption. In order to understand the coverage of the metal nanoparticles, 

the ratio of the adsorption energy to the bulk cohesive energy (Ea/Ec) has been 

compared as shown in figure 3.5 (b). In case of Pd adatom on graphene, 

evaporating metal adatoms will have large probability to stick to the surface 

of graphene due to a large ratio of Ea/Ec. Thus, the coverage of Pd 

nanoparticles on GO is increased faster than that of Ag and Au with equal 

evaporating times. On the other hand, when Ag and Au nanoparticles were 

decorated on GO, the metal adatoms would be incorporated into the surface of 

metal nanoparticles instead of sticking to the surface of graphene layer due to 
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small ratio of Ea/Ec. 
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Figure 3.6 (a) Adsorption energy (Ea) and (b) the ratios of the adsorption 

energy to the bulk cohesive energy (Ea/Ec) between Pd, Au, and Ag adatoms 

and graphene. 
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 For the investigation of crystal structure related to the interaction 

between metal and GO, the diffraction patterns of metal nanoparticles were 

carried out as shown in figure 3.7. In figure 3.7 (a), the Pd nanoparticles were 

grown on GO with specific direction. On the other hand, the Ag and Au 

nanoparticles were grown on GO with no specific direction as shown in figure 

3.7 (b) and (c). We assume that these results show that the interaction between 

metal and graphene has a strong influence on the epitaxial growth of metal. In 

other to obtain explain the reason of specific direction and epitaxial 

relationship of Pd nanoparticles on GO, we carried out the determining the 

normal direction of Pd nanoparticles by observing the dark-field images as 

shown in figure 3.8. In figure 3.8 (a), three dark-field images mean the Pd 

nanoparticle from each peak of {111} planes and in figure 3.8 (b), from each 

peak of {220} planes. Dark-field images overlapped each other but most parts 

are not coexisted as shown in figure 3.8 (b)-(g). This means that Pd 

nanoparticles do not have specific growth direction, resulting that there are no 

epitaxial relationship between Pd nanoparticles and GO. This aspect also is 

verified by high-resolution image as shown in figure 3.9. The each zone axis 

of Pd nanoparticle are determined by FFT image. Some parts of Pd-decorated 



  

49 
 

GO has zone axis but the most part has not as listed in table 3.2. This result 

also shows no evidence of epitaxial relationship between Pd nanoparticles and 

GO. 
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Figure 3.7 Diffraction patterns of (a) Pd-decorated GO, (b) Ag-decorated GO, 

and (c) Au-decorated GO. 
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Figure 3.8 Dark-field image of Pd nanoparticle grown on GO (evaporating 

time : 100 s); (a) Pd {111} planes, (b) RGB mix of Pd {111} planes, (c) Pd 

{220} planes, (d) RGB mix of Pd {220} planes and (e)-(g) RGB mix between 

Pd {111} and Pd {220} planes. 
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Figure 3.9 High-resolution image of Pd nanoparticle grown on GO 

(evaporating time : 100 s); (a), (b), (c), (d), (e), and (f) FFT images of each 

square. 
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Zone axis Percentage (%) Appearing plane 

Unknown 
35.23 {111} 
6.74 {022} 

13.99 All 

<022> 24.35 
 {111} 
{022} 
{200} 

<444> 4.66 {022} 

<224> 14.51 {111} 
{220} 

<004> 0.52 {220} 
{200} 

 

Table 3.2 A zone axis obtained by high-resolution images. 
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 For confirming the preferred orientation of Pd nanoparticles on GO 

related to oxygen functionalities, we observed the Pd nanoparticels on CVD-

graphene as shown in figure 3.10. In figure 3.10 (a), the image of Pd 

nanoparticles on CVD-graphene has similar worm-like shape like Pd-

decorated GO. Thus, the adsorption energy of Pd adatom is valid on growth 

mode. However, the diffraction patterns of Pd nanoparticles on CVD-

graphene show that there is no preferred orientation like Ag- and Au-

decorated GO. Thus, we assume that oxygen functionalities of GO are 

influences on the preferred orientation of Pd nanoparticles. For confirming 

this assumption, we carried out the XPS of decorated metals as shown in 

figure 3.11. In figure 3.11 (a) and (b), the oxidation of Pd nanoparticles on GO 

was higher than that of Pd nanoparticles on CVD-graphene. From this result, 

we considered that the forming of PdO interlayers occurs at the interface 

between Pd nanoparticles and GO. On the other hand, the Ag and Au 

nanoparticles on GO scarcely formed oxidation state. 

 The lattice constant data shows that the Pd nanoparticles on GO have 

different aspects distinguish from Ag on GO, Au on GO, and Pd on CVD-

graphene as shown in figure 3.12. Only the lattice constants of Pd 
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nanoparticles on GO are larger than that of bulk Pd. These aspects also result 

from the formation of PdO interlayers. As shown in figure 3.13, the existence 

of PdO interlayers helps the lattice constants of Pd to increase due to the large 

lattice constants of PdO. The stable positions of Pd and oxygen are on bridge-

site of graphene.[13] Thus, in figure 3.13, the particular arrangement of oxygen 

lead to the specific preferred direction of PdO interlayer and Pd nanoparticles. 

Then, only Pd-decorated GO has the specific orientation. 
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Figure 3.10 (a) Low-magnification image and (b) selective area diffraction 

patterns of Pd nanoparticles on CVD-graphene. 
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Figure 3.11 XPS spectra of (a) Pd on GO, (b) Pd on CVD-graphene, (c) Ag on 

GO, and (d) Au on GO (evaporating times : 50 s). 
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Figure 3.12 Lattice Parameters obtained by SADPs. 
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Figure 3.13 Schematic of PdO interlayer formation (B: bridge site, T: top site, 

H: hollow site). 
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For investigating the effect of forming PdO interlayer, the electrical 

properties of metal decorated GOs were obtained by I-V sweep measurement 

using probe station. The results are shown in figure 3.14. The resistances of 

Pd-decorated GO are changed dramatically as increasing the evaporating time. 

However, the resistances of Ag-decorated GO have no change and the 

resistances of Au-decorated GO have small change. These results show that 

the resistances of metal decorated GOs are depended on the interaction 

between metal and GO. In case of Pd-decorated GO, the interaction between 

Pd nanoparticles and GO is strong due to the large adsorption energy of Pd on 

graphene. Thus, the interacting region of Pd-decorated GO, which are 

influenced on the resistance, is increasing as increasing the evaporating times 

and coverage of Pd nanoparticles on GO. On the other hand, the Ag-decorated 

GO has no change of the resistance due to the weak interaction between Ag 

and GO by small adsorption energy of Ag adatom on graphene. In case of Au-

decorated GO, the interaction between Au and graphene is weak but stronger 

than that of Ag decorated GO. Different to Ag with a physisiorption, Au 

nanoparticles on GO has some interaction region lead to change the resistance 

of GO. Thus, as the coverage of Au nanoparticle increases, the interaction 
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region between Au nanoparticle and GO meets each other and the resistance 

changed at certain point. Moreover, in case of Pd nanoparticles on GO, the 

existence of PdO interlayers are influenced on the region around Pd 

nanoparticles as shown in figure 3.15. Thus, we assume that GO around Pd 

nanoparticles changed to rGO by oxygen consuming. From this assumption, 

we suggest the formation of conducting path as shown in figure 3.16. In figure 

3.16 (d), the electrons traveled on the surface of GO, rGO by forming PdO 

interlayer, and Pd nanoparticles. The resistance calculated by equation as 

follows: 

𝑅𝑎𝑎𝑎 = 𝑃𝑃𝑃ℎ𝑀𝑀𝑀𝑎𝑎 × 𝑅𝑀𝑀𝑀𝑎𝑎 + 𝑃𝑃𝑃ℎ𝑟𝑟𝑟 × 𝑅𝑟𝑟𝑟 + 𝑃𝑃𝑃ℎ𝑟𝑟 × 𝑅𝑟𝑟 

The resistances of metal, rGO, and GO are 15Ω, 75k Ω, and 1x1012 Ω. The 

calculated results listed in table 3.3. Calculated Rall have similar aspects 

compared to experimental data. The expected region of rGO is about 1 nm 

around Pd nanoparticles. 
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Figure 3.14 Change of resistances as increasing (a) evaporating time and (b) 

coverage of metal nanoparticles. 
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Figure 3.15 Schematic of oxygen functionalities consumed by PdO formation 

around Pd nanoparticles. 
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Figure 3.16 Schematic of forming conduction paths with different evaporating 

times of Pd decoration: (a) 20 s, (b) 50 s, (c) 100 s and (d) cross-section. 
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 Pathmetal(nm) PathrGO+GO(nm) Rall Rexp. 
Pd 20 s 2.154(0.459) 3.075(2.654) 1x1011 Ω 1.15x1010 Ω 
Pd 50 s 3.006(0.570) 1.859(1.698) 1x108 Ω 5.94x106 Ω 

Pd 100 s 4.232(0.597) 1.036(0.452) 15k Ω 11k Ω 
 

Table 3.3 Comparison calculated resistances with experimental resistances. 
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3. 4. Conclusion 

 We find the relationship between the microstructure and electrical 

properties of metal decorated GO. The strong interaction between Pd and GO 

by large adsorption energy lead to larger coverages and 2D like growth mode 

than those of Ag and Au. Thus, Pd nanoparticles on GO have the worm-like 

thin film growth and Ag and Au nanoparticles on GO has the spherical shape 

like 3D growth. In diffraction patterns, only Pd-decorated GO has the specific 

growth direction but Ag- and Au-decorated GO has not. The reason of 

preferred orientation of Pd-decorated GO does not related to epitaxial 

relationship, it related to the forming PdO interlayer between Pd nanoparticles 

and GO by XPS. The lattice mismatch of PdO and graphene is smaller than 

that of Pd and graphene and the large lattice parameter of PdO with specific 

normal direction compared to Pd lead to large lattice parameters on Pd-

decorated GO. Also, the existence of PdO interlayers are influenced on the 

change of electrical properties. The conducting path related to rGO, formed 

by the consuming the oxygen functionalities of GO around Pd nanoparticles, 

was demonstrated. The Pd-decorated GO has significant change of electrical 
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properties due to rapid adhesion of Pd on the surface of GO and the forming 

rGO by consuming oxygen functionalities related to PdO interlayer. 
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Chapter 4. 

Investigation of possibility about the H2 gas sensor 

and the water splitting application  

by the Pd decorated GO 

4. 1. Introduction 

 In graphene-based materials, defects such as oxygen functional 

groups, Stone-Wales defects, and holes from the basal plane can act as active 

sites for interaction with molecules, enhancing the sensitivity of the chemical 

sensors. [1-3] In this regard, graphene oxide (GO) could be considered as an 

ideal material for chemical sensing due to the existence of oxygen containing 

functional groups at the surface of GO. However, the oxygenated groups in 

GO cause remarkable structural defects deteriorating its electrical conductivity, 

which limits the application of GO in electrically active materials. [4] 

Exposure to reducing chemicals, thermal annealing, hydrogen plasma 

treatment, and photocatalytic reduction could convert insulating GO to 
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semiconducting reduced GO (rGO).[4-8] As we looked in previous chapter, the 

Pd decorated GO has the modified region around the Pd nanoparticles. Due to 

the existence of modified region, the electrical properties of Pd-decorated GO 

were similar to semiconducting rGO. Pd has the ability to dissociate the 

hydrogen molecules.[9, 10] For the fabrication of water splitting application, the 

band edge potentials of the photocathode at the surface have to straddle the 

hydrogen redox potentials. The hydrogen redox potentials is about 4.4 eV 

similar to the GO’s work function (~4.6 eV).[11] And Pd decorated GO has the 

ability to tune the bandgap of GO. Moreover, Pd is known as the best catalytic 

active metal.[12] Here we report on the possibility of the Pd-decorated GO as 

H2 gas sensor and water splitting applications. 

 

4. 2. Experimental method 

 GO was synthesized by using the modified Hummers method.[13] For 

measuring the hydrogen gas sensing, the GO suspension was casted onto Si 

substrates coated with Au IDE electrodes. Using e-beam evaporator, the Pd 

nanoparticles were decorated on GO with different coverage controlled by 
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evaporating time. Gas sensing measurements were carried out by flowing dry 

air and hydrogen gas with 1 % concentration sequentially. The amount of gas 

flow is 1000 sccm controlled by mass flow controller. The changes of 

resistance were measured as a function of time at a bias 1V and a room 

temperature. In order to measure the properties of photocathode, the GO 

suspension was casted onto p-type Si and the Pd nanoparticles were decorated 

by e-beam evaporator. The photocurrent measuring condition is as in the 

following. The intensity of radiation is 100 mW/cm2, counter electrode is Pt 

electrode, and HClO4 is used as solution. 

 

4. 3. Results and discussions 

4. 3. 1. H2 gas sensing properties of the Pd decorated GO 

 The sensing performance of GO at various coverage of Pd 

nanoparticles is shown in Figure 4.1. The change in resistance is defined as: 

∆𝑅 = 𝑅𝐻 − 𝑅𝑎𝑎𝑟 

RH is the resistance during the hydrogen exposure and Rair is the resistance 
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during the dry air exposure. Here, the sensor response is defined as the 

fractional change in resistance, defined by: 

Sensitivity =  
∆𝑅
𝑅𝑎𝑎𝑟

 

The sensitivity of Pd decorated GO was found to be dependent on the 

coverage of Pd nanoparticles as shown in figure 4.2. As increasing the 

coverage of Pd nanoparticles from 0% to ~30%, the sensitivity for hydrogen 

gas detection increased from ~10 % to ~45%. However, at the coverage of Pd 

nanoparticles above 60%, the sensitivity decreased. When the device was 

exposed to hydrogen, its resistance was increased due to the creation of PdHx 

and the hydrogen spillover on GO. [14, 15] In the case of graphene sensors, 

hydrogen molecules adsorbed on the Pd surface dissociate to form atomic 

hydrogen at Pd surface by creation of PdHx upon exposure to hydrogen. 

Moreover, some of these dissociated atoms move to the GO to form a sp3-

hydridized carbon atoms and hence a change in the sensor resistance. In Pd-

decorated GO, GO around Pd nanoparticles are changed to rGO. Thus, the 

dissociated hydrogen atoms are sticked to rGO and forming a sp3-hydridized 

carbon atoms, resulting in an increasing in resistance. Above 60% of coverage 
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of Pd nanoparticles, the spillover effect at surface is not strong because the 

region of GO to form chemisorbed state of hydrogen atoms is relatively small 

and the resistance is already low like semi-metal. Thus, the sensitivity 

decreased rather than 30% of coverage of Pd nanoparticles. For desorption it 

is also well known that in the presence of oxygen, dissociated hydrogen atoms 

combine with oxygen to form H2O molecules and desorb.[16] Moreover, the 

hydrogen gas is a reducing agent when it reacts with non-metals and an 

oxidizing agent when it reacts with metals. At the region of GO, the role of 

hydrogen gas is a reducing agent, so GO obtains the electron by oxygen 

desorption and hydrogen adsorption. At this point, the resistance of device 

increased like the p-type gas sensor. 

 

 

 

 

 



  

75 
 

 

 

 

 

Figure 4.1 Change of resistance of Pd-decorated GO (a) 0s, (b) 20s, (c) 50s, 

and (d) 100s by sequentially exposing the dry air and H2 gas. 
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Figure 4.2 Plot of H2 gas sensing sensitivities with the different coverage of 

Pd nanoparticles. 
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4. 3. 2. The photocathode application by the Pd decorated GO 

 In the photocathode of water splitting application, the important 

factors are an onset potential and the difference of current density. Figure 4.3 

shows the photocurrent density vs. applied potential curves for various Pd-

decorated GOs. As shown in figure 4.3 (a), onset potential of p-type Si 

substrate is about -0.6 V and the difference of current density is about 40 

mA/cm2. Only GO has a similar aspects of p-type Si but the difference of 

current density is decreased to about 37 mA/cm2. As increasing the coverage 

of Pd nanoparticles, onset potentials enhanced evidently and the current 

density changed slightly at 100 s evaporating. Onset potentials were 

dependent on the band gap of Pd decorated GO. In inset of figure 4.4, the tafel 

slopes were shown and these data also agree with increasing efficiency to 100 

s evaporating time increasing. As discussed in previous chapter, when Pd 

nanoparticles were decorated on GO, PdO was created at the surface of Pd 

nanoparticles and the rGO was formed by consuming oxygen functionalities. 

Thus, the band gap of GO were modified by creating rGO region around Pd 

nanoparticles. This change of the band gap of Pd-decorated GO has positive 

influence on absorbing the solar spectrum. When the coverage of Pd 
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nanoparticles were above 60%, the current densities of Pd decorated GO were 

changed like those of metal due to its metal-like electrical properties. 
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Figure 4.3 The curves of photocurrent density vs applied potential, (a) p-Si, (b) 

bare GO, (c) Pd-decorated GO with 20 s evaporating time, (d) Pd-decorated 

GO with 50 s evaporating time, (e) Pd-decorated GO with 100 s evaporating 

time, and (c) Pd-decorated GO with 200 s evaporating time. 
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Figure 4.4 Change of onset potentials as increasing the coverage of Pd 

nanoparticles on GO. 
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4. 4. Conclusion 

 We demonstrated the Pd-decorated GO to H2 gas sensor and 

photocathode due to their electrical property change. In H2 gas sensor, as 

increasing the coverage of Pd nanoparticles on GO, the hydrogen gas sensing 

sensitivities were enhanced due to the increase of amount of Pd nanoparticles 

dissociating hydrogen gas. Some dissociated hydrogen atoms move to the 

surface of rGO changed from GO by consuming oxygen functionalities, 

resulting the forming a sp3-hydridized carbon atoms on rGO region. Hence, a 

change in resistance occurs because a sp3-hydridized carbon atoms change 

rGO to GO. Thus, it is possible to make the Pd-decorated GO into H2 gas 

sensor. In photocathode, the band gap of GO were modified by creating an 

rGO around Pd nanoparticles. The bandgap of rGO is lower than that of GO, 

hence more absorbing solar spectrum occurred. Accordingly, onset potentials 

were enhanced due to their dependence on the bandgap of Pd-decorated GO. 
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Chapter 5. 

Conclusion 

 In chapter 3, we studied the microstructure of metal decorated GO 

using TEM and electrical properties of metal decorated GO. The strong 

interaction between Pd and GO by large adsorption energy lead to grow Pd 

nanoparticles with worm-like 2D growth mode. Pd nanoparticles on GO have 

the specific growth direction related to preferred orientation not epitaxial 

relationship. The creation of PdO interlayers between Pd nanoparticles and 

GO is a major cause of the change of electrical properties. The forming of 

oxide interlayer or not by interaction between noble metal and GO is 

important factor about growth morphology included the preferred orientation 

and electrical properties of metal decorated GO. 

In chapter 4, we investigated the possibility of Pd decorated GO to 

hydrogen gas sensor and photocathode. As increasing the coverage of Pd 

nanoparticles on GO at ~30%, the hydrogen gas sensing sensitivities 

enhanced due to the increase of amount of Pd nanoparticles dissociating 
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hydrogen gas. Some dissociated hydrogen atoms move to the rGO to form 

sp3-hydridized carbon atoms, and hence a change in the sensor resistance. And 

the formation of PdO interlayer are influenced on electrical properties. This 

PdO interlayer leads to change GO to rGO by consuming oxygen 

functionalities. Thus, the band gap of GO were modified by creating rGO. 

Accordingly, onset potentials were enhanced due to their dependence on the 

bandgap of Pd decorated GO. 
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초 록 

그래핀 물질은 그것의 놀라운 전기적, 열적 특성이 있기 

때문에 현재 많은 주목을 받고 연구 중에 있다. 이러한 그래핀 

물질을 간단하고 효율적으로 만들기 위하여 그래핀 옥사이드 

물질이 각광받기 시작하였고, 그래핀 옥사이드 물질의 경우는 sp2
-

결합만 가지고 있는 그래핀과는 다르게 sp3
-결합을 가지고 있기 

때문에 이 두 결합의 비율에 의하여 반도체적 특성을 변화시킬 수 

있다는 장점이 있다. 이러한 그래핀 옥사이드 물질에 금속을 

데코레이션하였을 때, 나타나는 미세구조와 전기적 특성과의 관계를 

규명하는 것이 본 연구가 되었다. 이 연구를 진행하게 된 이유는 

옥사이드 물질에 금속을 데코레이션하는 것은 물리적 특성에 큰 

영향을 미치는 것으로 잘 알려져 있으나, 현재까지 그래핀 옥사이드 

물질에서는 이에 대한 연구가 진행되지 않았기 때문이다. 또한, 

데코레이션된 금속 나노입자의 경우, 그 크기와 분포 정도에 대한 

연구는 많은 진행이 되었지만 그래핀 옥사이드 표면과 금속과의 
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반응에 대한 연구는 아직 연구가 진행되지 않았기 때문에 이 

연구가 필요했다. 

그래핀 옥사이드 위에 Pd, Ag와 Au를 데코레이션하였을 때, 

Ag및 Au는 3차원적인 구 형태로 자라는 반면, Pd의 경우는 

2차원적인 박막에 가까운 형태로 자라는 것을 확인하였고, 또한 Pd 

나노입자들은 특정한 방향성을 가지고 자라는 것을 확인하였다. 

이러한 특정 방향으로 성장한 이유는 그래핀 옥사이드 표면과 Pd 

나노입자간의 반응이 일어나 PdO를 생성하였기 때문이고, 이러한 

PdO의 생성은 그래핀 옥사이드 표면의 sp3-결합을 이루는 산소를 

Pd나노입자가 소비한 것을 확인하였고, 이는 전기적 특성에 큰 

영향을 미치는 것을 알 수 있었다. 이를 바탕으로 수소가스센서 및 

물분해장치로 Pd가 데코레이션된 그래핀 옥사이드 물질의 가능성을 

살펴보았고 그 결과 전기적 특성이 변화하여 이러한 장치에 그래핀 

옥사이드 물질이 쓰일 수 있는 가능성을 확인할 수 있었다. 이러한 

결과들을 종합하여 보았을 때, 데코레이션되는 금속과 그래핀 
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옥사이드의 표면과 반응하는 양상에 따라서 금속 나노입자의 

미세구조에 큰 영향을 미친다는 것을 알 수 있었고, 이것이 전기적 

특성에 미치는 영향을 알 수 있었다. 

주요어 : Graphene oxide (GO), Metal decoration, Transmission electron 

microscopy (TEM), Electrical property, Hydrogen gas sensor, Photocathode 

학번 : 2006-20880 
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