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ABSTRACT 

The major goal of this work was to study the morphological evolution of noble metal 

nanoparticles such as gold, palladium, and platinum nanoparticles as a function of single-

parameter variation in simple synthesis approach. As a next step, these nanoparticles were 

plasma oxidized to result in surface oxidized noble metal nanoparticles. These noble metal 

nanoparticles were further utilized for the growth of graphene shells in a chemical vapor 

deposition method resulting in graphene encapsulated noble metal nanoparticles. In regard to 

morphological evolution of noble metal nanoparticles, systematic studies were performed, where 

single growth parameter (temperature, metal salt concentration, surfactant type or concentration, 

seed amount, or growth duration) was varied while other parameters were kept constant. Gold 

nanoparticles were synthesized by both single-step method and seed-growth method while 

palladium and platinum nanoparticles were synthesized at high temperature by alcohol reduction. 

The size, shape, crystallinity, and sample heterogeneity for the nanoparticles were characterized 

by high-resolution transmission electron microscopy. Single parameter systematic studies 

allowed for fundamentally understanding the growth and evolution of noble metal nanoparticles. 

As temperature increased, nanoparticles size increased due to the decrease of absolute value of 

volume Gibbs free energy. With the existence of surfactant (e.g. hexadecyltrimethylammonium 

bromide), stabilizer molecules bind to nanoparticles surface with affinity to different facets. 

When synthesis temperature higher than boiling point of water, the annealing process resulted in 

rupture of surfactant from weak binding facets, and boosted anisotropic growth of nanoparticles.  
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Subsequently, oxidation behavior of gold, palladium, and platinum were studied by X-ray 

photoelectron spectroscopy. Gold oxide, palladium oxide, and platinum oxide were found after 

plasma oxidation. Noble metal nanoparticles were plasma oxidized for 30 min, and then further 

utilized for chemical vapor deposition (CVD) of graphene shells. These graphene encapsulated 

noble metal nanoparticles were thoroughly characterized by scanning electron microscopy, 

transmission electron microscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy. 

Aggregation of noble metal nanoparticles was observed after graphene growth. Raman spectra 

showed D-, G-band for graphene encapsulated gold, palladium and platinum nanoparticles after 

CVD growth. Raman chemical mapping indicates large area growth of graphene encapsulated 

nanoparticles.  
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CHAPTER 1 

1. INTRODUCTION 

1.1. Noble metal nanoparticles 

Nanomaterials are defined as materials with size smaller than 100 nm in at least one 

dimension.
1
 Over the past two decades, metal nanoparticles have received significant attention 

due to different electronic, physical, and chemical properties from their bulk counterparts.
2
 

3
 

4
 

For metal, the mean free path of an electron at room temperature is 10 nm to 100 nm.
5
 So, 

unusual effects would be observed when the size of metallic materials shrinks to nanoscale. For 

instance, noble metals such as gold, palladium, and platinum which are stable in bulk scale 

become active to the environment in nanostructure form.
6
 
7
 
8
 Metal nanoparticles are widely used 

in chemical catalysis, optical, electronic, magnetic devices, and biological systems.
9
 
10

 
11

 
12

 
13

  

In addition to the materials composition, the characteristics of nanoparticles are also size- 

and shape-dependent, including their optical, electronic, and catalytic properties.
10

 

Nanomaterials are consisted of a few hundreds to thousands of atoms or molecules (1 nm is 

about 6 times the atom size of Au and about 4.5 times the atomic spacing in noble metals) as a 

single entity, the shapes of the nanoparticle are governed by the surface-energy factor.
14

  

Significant amount of work has been devoted to the synthesis of metal nanospheres, and 

the particle size distributions can be achieved within the 10% of the mean diameter.
15

 
16

 

Basically, there are two approaches to synthesize nanoparticle which are classified as “top-

down” and “bottom-up”. Top-down approach starts from bulk materials, using physical and 

lithographic principles of micro- and nanotechnology to achieve nanostructures.
17

 While bottom-
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up approach is governed primarily by chemical synthesis principles to assemble  ionic, atomic, or 

molecular units through various processes in the nanometer range.
18,

 
19

 Top-down approach 

usually requires state-of-the-art instruments, the drawback is that it is time consuming and still 

cannot efficiently manipulate particle morphology at nanoscale. On the other hand, bottom-up 

approach is more popular because it allows, in principle, the design and formation of 

nanoparticles of any size and morphology. Meanwhile, it is inexpensive, versatile, and 

technologically easy to implement for fabricating a wide variety of nanoparticles. 

Colloid-chemical approach, often referred to solution phase synthesis routes, is an 

important method in bottom-up approach, to which much work has been devoted. However, 

there is still a significant challenge in understanding and precisely predicting nanoparticle 

morphology from a given set of synthesis conditions. That is because synthesis parameters such 

as metal salt concentration, surfactant type and amount, addition of additives, impurities, and 

temperature always interact with each other and contribute to the morphology of final products.
20

 

 

1.1.1 Types of nonspherical noble metal nanoparticles 

 Nanomaterials can be classified according to their composition and morphology. 

Nonspherical nanomaterials can be divided into 1D, 2D, and 3D structures depend to their major 

growth direction: For 1D nanoparticles, the major growth occurred in one-dimension and 

confined in two dimensions, resulting in nanoscale rods,
21

 tubes,
22

 and wires;
23

 one dimension is 

confined for 2D nanoparticles, generates different shapes such as plates,
24

 discs,
25

 ribbons,
26

 and 

belts.
27

 In case of 3D structure nanoparticles, major growth occurred in all three dimensions, 

produces tetrahedral, octahedral, decahedra, icosahedra,
28

 cubes,
29

 cages,
30

 or branched 
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nanoparticles such as bi-, tri-, tetra-pod, bumpy, or star shapes.
20

 Figure 1.1 shows some 

examples of different shapes nanoparticles.
14
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Figure 1.1 A few examples of different shapes 1D, 2D, 3D noble metal nanoparticles synthesized 

through solution-based approach. The first row shows the TEM (a - d) or SEM (e) images of 1D 

structure nanoparticles: (a) nanorods, (b) nanodumbbells, (c) nanobipyramids of Au/Ag, (d) 

silver nanowires, and (e) gold nanotube. The middle row shows some 2D structure nanoparticles: 

TEM images of (f) triangular gold nanoplates, (g) silver nanodisks, and (h) gold ribbons; SEM 

image of (i) gold belts. The last row shows some typical 3D structures: TEM images of (j) 

nanocubes, (k) nanotepropods, and (l - m) star-shaped gold nanoparticles, (n) silver 

nanohexapods, SEM image of an (o) Au-Ag nanocage. Reprinted with permission from 
14

 

Copyright 2010, Wiley-VCH. 
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1.1.2 Synthesis of nonspherical noble metal nanoparticles 

Design and synthesis of materials with tailored size and shape is a fundamental goal of 

materials science because it is well recognized that properties of nanoparticles are significantly 

depend on their composition, size, shape, structure, and crystallinity.
31

 The solution based 

approaches (colloid-chemical methods) of nonspherical noble metal nanoparticles principally 

involves the reduction of metal salts or decomposition of metallic compounds in aqueous or 

organic solvents in the presence of stabilizer and shape-control additives such as surfactant, 

ligand, polymer, and foreign ion.
32,

 
33,

 
34,

 
35

 

Nanoparticles with a wide variety of morphologies can evolve under a certain condition; 

meanwhile, particles with a certain kind of morphology can also be obtained through different 

methods.
20

 
36

 Popular ways of developing nonspherical nanoparticles include seed-growth 

approach,
37

 high-temperature synthesis,
38

 template-based (electro-) chemical synthesis,
39

 

photochemical techniques.
40

 In seed-growth approach, fine metal nanoparticles (size < 10 nm) 

are first synthesized by strong reducing agent (e.g. NaBH4). Subsequently, these fine metal 

nanoparticles are used as seeds that added into solution containing the same or different metal 

ions. And particles with certain morphology can be obtained by heterogeneous nucleation of 

metal ions at the surface of seeds. Chemicals with weak reducing properties such as citric acid, 

alcohol, polymers with hydroxyl group (e.g. PVP, PVA), and dimethylformamide (DMF)
41

 are 

capable to reduce metal ions at elevated temperature. At high temperature, those chemicals will 

act as both solvent/stabilizers and reducing agent. Template-based (electro-) chemical synthesis 

is a popular method for nanoparticles shape control. Soft templates include self-assembled 

chemicals and liquid-crystalline media. For instance, Cetyltrimethylammonium bromide 

(CTAB), which contains hydrophobic carbon chain and hydrophilic head, can form micelles in 



 

6 

 

aqueous solution, containing long water channels as template for the formation of nanowires.
42

 

Carbon nanotubes and porous membrane (e.g. amorphous alumina) are examples of hard 

template.
43

 
44

 In this case, precursor solution wets the inner wall of template channels, followed 

by the deposition of metal on the template. The reduction can be classified as electro-less and 

electrochemical reduction. The former involves the use of chemical reducing agent to provide 

electrons, whereas electrochemical reduction applies potential as reaction force to deposit metal 

from solution onto a desired surface of template. Another template is nanoparticles with 

particular shapes. In this case, template particles usually sacrifice themselves to reduce object 

metals on their surface.
45

 So, template materials do not exist in final product or at least not exist 

on the surface of product, and this is the difference between using nanoparticles as template and 

using nanoparticles as seeds. 

 

1.1.3 Gold nanoparticles 

As noble metal, gold has been an object of luxury for its ornamental value. As a matter of 

fact, the history of synthesis of gold nanoparticles have been over 2000 years in medias including 

glasses, salt matrices, polymers, the gas phase and in water.
36

 Gold is not always golden but 

varies with conditions. With different size, shape, aggregation degree and local environment, the 

color of gold nanoparticles can varies from red to purple, blue, and green. Some examples of 

gold colloid solutions with different colors influenced by different morphology of containing 

gold nanoparticles are shown in figure 1.2.
46
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Figure 1.2 Digital images of aqueous solutions of gold nanospheres (upper panels) and gold 

nanorods (lower panels).Corresponding TEM images of the nanoparticles are shown; all scale 

bars corresponding to 100 nm. Reprinted with permission from 
46

 (Murphy, C. J.; Gole, A. M.; 

Stone, J. W.; Sisco, P. N.; Alkilany, A. M.; Goldsmith, E. C.; Baxter, S. C., Gold Nanoparticles 

in Biology: Beyond Toxicity to Cellular Imaging. Accounts of Chemical Research 2008, 41 (12), 

1721-1730). Copyright 2008, American Chemical Society. 
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The phenomenon that gold nanoparticles can appear in different color is attributed to size 

effect. If size is smaller than the wavelength of visible light (about 400 ~750 nm), a collective 

oscillation of electrons know as “plasma oscillations” can be generated on the surface of metal 

nanoparticles when particles are irradiated with light at certain frequencies. Such collective 

oscillations govern the optical properties of small metal nanoparticles.
46

 For metal nanoparticles, 

these plasma frequencies are sensitive to the dielectric nature.
47

 The frequency of this oscillation 

for gold lies in the range of visible light wavelength. By changing size, shape, degree of 

aggregation, and local environment, the plasmon frequency changes with the variation of 

dielectric constant,
48

 so gold nanoparticles will appear different color. 

Some approaches of synthesis of gold nanoparticles include Turkevich method, Brust 

method, Martin method, and seed-growth method. Turkevich method was pioneered by 

Turkevich and his coworkers in year 1951 and refined by Frens in year 1973.
49,

 
50

 It simply adds 

chlorauric acid into boiled water, and then adds small amount of sodium citrate solution to 

reduce gold ion to produce monodispersed spherical gold with size around 15 nm. 

Brust method was discovered by Brust et al.
51

 in year 1994 for synthesis small gold 

nanoparticles with size around 2 nm. In this method, toluene is used as solvent, sodium 

borohydride is reducing agent, and tetraoctylammonium bromide (TOAB) is stabilizer for as 

produced gold nanoparticles. Since the bind between TOAB and gold nanoparticles does not 

strong enough, the solution will aggregate after a few weeks. To solve this problem, a stronger 

binding agent, e.g. a thiol, can be added after reaction completed to produce a stable solution. 

Martin Method is an efficient method for colloidal gold nanoparticles chemical synthesis 

and dispersion, discovered by Eah and co-workers
52

 in year 2010. The size of colloidal gold 

nanoparticles is tunable from 3.2 to 5.2 nm diameter. 2D monolayer films of close-packed gold 
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nanoparticles can be effectively fabricated to any substrate without any limit in size. In this 

method, HAuCl4 and NaBH4 are first stabilized by HCl and NaOH, respectively. Then HAuCl4 is 

reduced by NaBH4 in aqueous solution. Subsequently, acetone, hexane and 1-dodecanethiol 

(DDT) are added into the mixture solution, and the vial containing solution is shaken vigorously 

for 30 s. As-prepared gold nanoparticles are coated with monolayer of DDT, and phase-

transferred to hexane, while all the reaction byproducts remain in the water-acetone phase. A 

monolayer of gold film can form by adding prepared hexane-gold solution into a toluene droplet. 

Negatively charged gold nanoparticles coated with hydrophobic DDT molecules will 2D self-

assemble at the air-liquid interface of the droplet, and the monolayer film of close-packed gold 

nanoparticles can be obtained after toluene droplet dried. 

Seed-growth method is widely used for size- and shape- control of gold nanoparticles, 

which is pioneered by Murphy and the research group.
53

 In this method, fine gold nanoparticles 

were first synthesized and then used as nucleus in the surfactant-directed growth step. By 

varying the experimental parameters in the growth procedure, they produced gold nanoparticles 

with different shapes such as rod, rectangle, hexagon, cub, and star. However, on the one hand, 

the growth conditions need to be precisely controlled, and it requires extensive separation of 

different shapes nanoparticles. On the other hand, it is also difficult to fabricate small seeds with 

a narrow size distribution. In order to increase the proportion of objective product for synthesis 

gold nanorods, they find out that slightly increasing solution pH from 2.8 to 3.5 can help to 

achieve this goal.
54

 They postulated that since the first pKa of ascorbic acid (reducing agent) is 

4.1, the increased pH condition favored the ascorbate monoanion over the acid or dianion. The 

ascorbate monoanion absorbed better to the five-fold {111} end faces of gold, effectively 

reduced Au
III

 and Au
I
 intermediates there and resulted in nanorods structure. 
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1.1.4 Palladium nanoparticles 

The unique properties of palladium account for its widespread use. As its bulk material is 

stable and does not react with oxygen at normal temperatures, palladium can catalyze a large 

number of reactions when its size is in nanoscale.
7
 Notable examples include alkene 

hydrogenation, alcohol oxidation, low-temperature reduction of automobile pollutants, petroleum 

cracking, and CO oxidation.
55,

 
56,

 
57,

 
58

 Palladium is also used in electronics for making the 

multilayer ceramic capacitor.
59

 Moreover, palladium can absorb up to 900 times to its own 

volume of hydrogen at room temperature and atmospheric pressure, which gives it potential for 

hydrogen storage.
60

 However, the implement of palladium based hydrogen storage would be 

difficult to achieve due to the expensive cost of palladium. 

The activity and selectivity of a catalyst can be enhanced by the exposure of specific 

crystal facets that are intrinsically more active to some particular reactions. For instance, {100} 

facets of cubic palladium nanoparticles have a higher catalytic activity than {111} facets in CO 

oxidation.
35

 The shape of nanoparticles are governed by their exposed facets, therefore ways of 

controlling the size and shape of palladium nanoparticles have attracted significant attention in 

order to achieve high performance in various catalytic applications. 

Polyol synthesis has been a popular method of preparing metal nanoparticles with well-

defined shapes.
18

 Polyols, for example ethylene glycol (EG), can dissolve many metal salts, and 

can react as reducing agent at high temperature. The drawback of this method is that shapes of 

nanoparticles product are usually restricted to cuboctahedrons or truncated cubes because of the 

fast reduction and growth rate.
61

 Moreover, this approach is also troubled by the irreproducible 

results due to the presence of even trace amounts of impurities in the system. 



 

11 

 

Therefore, a water-based system was adopted in the synthesis of palladium nanoparticles. 

It does not involve toxic organic solvents and high-purity of water is more easily accessible. 

Instead of EG, low reducing power chemicals such as L-ascorbic acid (AA), citric acid, and 

alcohol can be used as reducing agents which are favorable to manipulate the reduction 

kinetics.
34

 
62

 Xia et al. synthesized palladium nanoparticles with well-controlled shapes in 

aqueous system. By adding haloids ions, they can selectively promote the formation of {111} 

and {100} facets and obtained shapes include truncated octahedron, icosahedrons, decahedron, 

hexagonal and triangular plates, and cube.
29

 

 

1.1.5 Platinum nanoparticles 

As a pure metal, bulk platinum does not oxidize at any temperature and has an excellent 

resistance to corrosion. This property makes platinum be widely used as noble metal electrode in 

electrochemistry. 
63

 The other most important application for platinum is as a catalyst in a 

number of separate processes, especially in automobiles industry. Platinum powder allows 

complete combustion of unburned hydrocarbons from the exhaust, and converts them into 

harmless carbon dioxide and water.
7
 

Many efforts have been involved to make various shapes of platinum nanoparticles in 

order to investigate their influence on catalytic activity. On this point, uniformly dispersed 

platinum nanoparticles are needed to quantify the catalytic influences. Similar with the 

morphology control of other noble metal nanoparticles, capping agents such as CTAB, PVP, 

KBr, KCl, AgNO3 are usually used to favor the growth of particular facets. Ahmadi and co-

workers
64

 reported sizes and shapes control of platinum nanoparticles by changing the ratio of 

capping polymer (sodium polyacrylate) to the concentration of metal salt. Yang et al.
38

 also 
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demonstrated that cuboctahedrons, cubes, and porous platinum nanoparticles can be obtained by 

adjusting the reduction method, and silver ion plays a significant role in morphology control for 

platinum nanoparticles synthesis. 
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1.2 Multi-component nanomaterials 

Starting from the preparation of single component nanomaterials, nanotechnology is 

moving toward manipulating and tailoring more and more sophisticated structures named as 

multicomponent and heterostructured nanomaterials. In nanoscale, composition, size, and shape 

all play critical roles in determining nanostructures’ physical and chemical properties such as 

wave functions, plasmon resonances, and catalytic activities.
65

 
66

 By incorporating components 

of intrinsically different functionality, we may create novel functional materials which not only 

maintain functions from each component, but also show synergetic properties found in neither of 

the constitutes. For example, by coating a core particle with other materials, colloidal stability 

may be improved or the core material can be protected from being oxidized.
67

 

Multicomponent nanomaterials can be classified according to the way constitutes being 

hybridized, such as alloyed nanoparticles, nanoparticles hybrid with nanowires or nanotubes, and 

core/shell nanoparticles, multisegment nanowires. Some of which are depicted in Figure 1.3.
68
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Figure 1.3 Examples of multi-component nanomaterials: (a - d) core/shell structure spheres, (e) 

film coated with nanoparticles, (f, g) heterodimer, (h) crystal with attached nanosphere, (i) cross 

section through alloyed metal particle showing disordered nature of atomic occupancies, (j) cross 

section through nanoparticle composed of an intermetallic compound showing ordered atomic 

occupancy, (k) core/shell structure rod, (l, m) dimer with incoherent and coherent crystalline 

interface between the parts, respectively, (n) nanorods with overgrowth of another metal at the 

rod ends, (o) nanoparticles on nanorods, (p) multi-segment nanowires, (q) “nanotadpole”. 

Reprinted with permission from 
68

 (Cortie, M. B; McDonagh, A. M. , Synthesis and optical 

properties of hybrid and alloy plasmonic nanoparticles. Chemical reviews, 2011, 111, 3713-

3735). Copyright 2011, American Chemical Society.  
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Preparation of multi-component nanomaterials involves several strategies including 

deposition-precipitation, galvanic replacement, coprecipitation, templated growth.
45,

 
69

 Chen et 

al.
70

 synthesized Fe3O4/TiO2 core/shell nanoparticles (with estimated size ~50 nm), and 

employed these magnetic nanoparticles to selectively concentrate phosphopeptides from mixture 

solutions for further analyzing. Titanium dioxide nanoparticles have high trapping capacities 

toward phosphopeptides. The combination of magnetic property from Fe3O4 nanoparticles allows 

the core/shell nanoparticles that are conjugated with target peptides can be isolated readily from 

sample solutions. The lowest detectable concentration is much lower than that which can be 

achieved from other methods. 

Tresback and co-workers fabricated Au-NiO-Au multi-segment nanowires using 

template-based method.
71

 They electro-deposited a small segment of Ag in anodic aluminum 

oxide (AAO) template, and subsequently deposited Au, Ni, Au segment from the corresponding 

electrolytes. After dissolving Ag nanowire segment and AAO template by HNO3 and NaOH, 

respectively, multi-segment nanowires were collected and dispersed on an oxidized silicon 

substrate, followed by annealing at 600 
o
C in air to fully oxidize the nickel segment to NiO. The 

authors claimed that these Au-NiO-Au multisegment nanowires have a potential to be integrated 

as chemical nanosensors into nanoelectronics devices in the future. 

Qu and co-workers decorated carbon nanotube (CNT) with size and shape controlled 

noble metal nanoparticles in a novel approach.
72

 They found that even without adding foreign 

capping reagents, cubic platinum nanoparticles can be synthesized by galvanic displacement 

reaction between an aqueous solution of metal salt and copper foil substrate. Actually, it was 

Cu
2+

 ions, which were produced in the galvanic displacement reaction between metal salt and 

copper foil, acted as an in situ capping agent and regulated the shape of synthesized platinum 
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nanoparticles. When they exposed copper foil-supported CNTs to a certain concentration of 

aqueous solution of K2PtCl4 with and without the addition of CuCl2, cubic and spherical Pt 

nanoparticles, respectively, can formed on CNTs. These nanoparticles-nanowires hybrid 

structures may further applied in a wide range including fuel cell, sensing, optoelectronics, and 

catalytic systems. 

Another example of hybrid structure consisting nanoparticles decorated on the surface of 

films. Lu et al.
73

 reported the distribution of silver nanoparticles onto graphene oxide sheets. In 

this case, Hummers method
74

 was used to synthesize graphene oxide sheets. The aerosol silver 

nanoparticles were synthesized through physical vaporization of an Ag wire, and subsequently 

decorated onto the surface of graphene oxide sheets by electrostatic force directed assembly 

technique at room temperature. The interaction between assembled silver nanoparticles and 

graphene oxide sheets was studied by annealing the hybrid structure in Ar atmosphere at 

different temperature. The author claimed that Ag nanoparticles were attached on graphene oxide 

sheets through van der Waals forces. This noncovalent nature of the adhesion is potentially 

beneficial for electronic and optoelectronic applications of the multi-component nanomaterials. 
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1.3 Oxidation of noble metal nanoparticles 

Noble metals such as gold, palladium, and platinum are widely used in the field of 

ornament. Bulk gold is oxidation-resistant in air or molecular oxygen even at elevate 

temperatures. Its chemical inertness can be attributed to the high value of the enthalpy of oxygen 

chemisorptions to form gold oxide Au2O3 (ΔH=+19.3 kJ/mol).
75

  However, the catalytic activity 

of gold nanoparticles (e.g. their activity for the low-temperature oxidation of CO and C3H6 

epoxidation)
76,

 
77

 has been found experimentally, formation of adsorbed oxygen species on the 

surface of gold nanoparticles is involved in these reactions. Since the unique behavior of gold 

catalysts is mainly associated with the nature of adsorbed oxygen, it is critical to study the 

structure and the nature of the bond between oxygen and the gold surface. It is also reported that 

PdO is more active compare to Pd for the catalytic combustion of methane.
78

 In this context, the 

investigation of oxygen species on the surface of noble metals is important in numerous fields 

such as surface science, corrosion resistance, and catalysis. 

Several methods have been suggested to oxidize noble metal materials such as oxygen 

adsorption at high temperatures and pressures,
79

 oxidation by ozone,
80

 NO2, and atomic 

oxygen,
81

 electrochemical oxidation,
82

 oxygen plasma treatment,
83

 In these methods, plasma 

treatment at low temperatures is an efficient approach, and it has been widely involved in the 

study of noble metal oxides.
83,

 
84,

 
85

 In addition, this treatment induced many active oxygen 

atoms interact with the metal surface, and potentially lead to surface disordering and the 

formation of defects. 

The stability of noble metal oxide also attracted the interesting of researchers. Tsai and 

co-workers
83

 reported the instability of gold oxide formed on a gold film by oxygen plasma 

treatment. In year 2008, Ono et al.
75

 indicated that the thermal stability of Au2O3 on gold 
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nanoparticles depends on the size of particles, as well as on supporting substrates. They observed 

that gold oxide is more stable on SiO2 than using TiO2 as substrates, and nanoparticles with 

diameter around 1.5 nm would be easier to be reduced than larger clusters. They suggested that 

there are two different oxygen species present: gold oxide on surface as well as on subsurface. 

The surface gold oxide decomposes at temperatures below 600 K, whereas the subsurface gold 

oxide is stable above 600 K. 
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1.4 Noble metal nanoparticles/graphene heterostructure 

Hybrid nanomaterials with multi-components provide significant flexibility in design and 

manipulation. Among the list of materials, noble metal nanoparticles and graphene exhibit 

excellent properties, and the combination of these two materials can form building blocks in the 

frontier technology. 

 

1.4.1 Graphene synthesis 

Graphene is a two dimensional structure of sp
2
 bonded carbon atoms. The covalent sp

2
 

bonds are hybridized from s, px, and py atomic orbitals, carbon atoms are bonded through 120
o
 

C-C-C bond, giving rise to a honeycomb crystal lattice.
86

 The discovery of graphene exploded 

the interests of scientists because two-dimensional crystals were considered thermodynamically 

unstable in nature. Graphene is the fundamental structure of some carbon allotropes, by 

wrapping graphene we get zero-dimension (0-D) fullerenes, by rolling graphene we get single or 

multi-wall one-dimension (1-D) carbon nanotubes, by stacking graphene we obtain three-

dimension (3-D) graphite or charcoal. Figure 1.4 shows 0-D, 1-D, and 3-D graphene structures 

formed by wrapping, rolling, and stacking two-dimension (2D) graphene sheets, respectively. 

Graphene also be well known due to its excellent in-plane electrical (~ 10
4
 Ω-1

cm
-1

) and thermal 

(~ 3000 Wm
-1

K
-1

) conductivity, as well as its high mechanical stiffness (1060 GPa). Figure 1.4 

shows some different graphitic forms.
87
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Figure 1.4 The schematic shows different graphitic forms. Graphene is a 2D building material for 

carbon materials of all other dimensionalities. It can wrap up into 0D buckyballs, roll into 1D 

nanotubes or stack into 3D graphite. Reprinted by permission from Macmillan Publishers Ltd: 

(The rise of graphene) Nature 
87

 Copyright 2007. 
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Several methods involved in synthesis graphene:  

(1) Mechanical method. In 2004, Machester group developed a technique to split graphite 

crystals into thinner pieces, resulting single- or few- layer flakes attached on adhesive tape.
86

 The 

substrate (tape) can be etched away by acetone and those graphene flakes can be dispersed on 

silicon wafer. This approach is often referred to as a scotch tape method or drawing method. 

Although high quality samples can be obtained through mechanical exfoliation, the method 

suffered from time consuming and low-yield. 

(2) Chemical approaches. Graphene can be synthesized by chemical reducing graphene 

oxide or cutting open carbon nanotubes. Graphene oxide, which is hydrophilic and could be 

exfoliated in water under ultrasonic treatment and heating, can serve as a precursor to 

graphene.
88

  It has been documented that hydrazine can reduce graphene oxide films to yield 

graphene 
89

. However, the quality of as-prepared graphene film is not as high as graphene 

produced from mechanical method due to incomplete removal of functional group on the surface 

of graphene oxide. Graphene nanoribbons can also be synthesized by unzipping of carbon 

nanotubes through concentrated sulfuric acid and potassium permanganate.
90

 

(3) Graphene growth from organic precursor. Wu et al. 
91

reported that disc-like nanosized 

graphene molecules can self-assemble at the solid-liquid interface. For instance, effective 

oxidative cyclodehydrogenation of branched oligophenylenes forms different shapes, sized and 

edge structures graphene molecules. Those graphene molecules have the potential to be 

converted into 1D carbon nanotubes by template-directed solid-state pyrolysis. The drawback of 

this synthesis method is the limit of size, because as the increases of molecular weight, side 

reactions occurred.  
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(4) Epitaxial growth on substrates. Chemical vapor deposition (CVD) method opens a 

new route to large-scale production of high quality graphene films. It has been observed that 

graphene can grow on the surface of semiconducting silicon carbide (SiC) by high-temperature 

annealing in vacuum
92

. This method was further developed by Emtsev and co-workers. 
93

 They 

reported that monolayer graphene films with larger domain sizes can be synthesized on Si-

terminated SiC (0001) in an argon atmosphere, compared with vacuum graphitization. Metal 

substrates can also be used in chemical vapor deposition for the growth of graphene. Recently 

Bae et al.
94

 reported an efficient method for the synthesis, transfer and doping of graphene at a 

large scale. Firstly, a roll of copper foil with size of 30 inches in the diagonal direction was 

inserted into a tubular quartz tube, and annealed 30 min at 1000 
o
C in H2 atmosphere. The goal 

of annealing process is to increase copper grain size to yield higher quality graphene films. After 

annealing, a mixture gas of CH4 and H2 is then flowed through the copper foil for 30 min. Then 

the sample was rapidly cooled down to room temperature. The as-prepared graphene films on 

copper foil were subsequently transferred to a thermal release tape by applying soft pressure 

between two rollers. The synthesized graphene films have low sheet resistance and high optical 

transmittance, and this method, and this method gives the possibility to commercial produce 

large scale high quality graphene sheets. 

 

1.4.2 Chemistry of graphite 

The chemistry of graphite (multi-layer graphene) can be tuned for further applications. 

Firstly, additional chemical species can be inserted between the basal planes to form graphite 

intercalation compounds (GICs).
95

 The interlayer spacing of some GICs can be increased to more 

than 1 nm (0.34 nm for native graphite), leads to a significant reduction in van der Waals forces 



 

23 

 

between adjacent layers. Thus it can open a possible route of graphite exfoliation. Secondly, 

carbon atoms on graphite can be replaced by other elements, which induce substitutional doping 

of graphite. Thirdly, graphite surface can be functionalized by other chemical group. For 

instance, carboxyl group can be formed on the surface of graphene structure by plasma oxidation 

and serves for the attachment of other biologically relevant species. 

 

1.4.3 Methods for synthesizing graphene encapsulated gold nanoparticles 

Efforts have been involved in synthesis graphene structures (either carbon nanotubes or 

graphite shell) on nanoparticles. Among 70 elements that include all of the transition metals, Fe, 

Co and Ni are elements favored in the catalytic function of graphite formation. It was suggested 

that carbon atoms cannot stay on gold long enough to produce graphitic network,
96

 however, this 

contradicts with experimental results. Lee et al.
97

 used monodispersed gold nanoparticles with 

diameter less than 2 nm (1.3 – 1.8 nm) synthesized carbon nanotubes, carbon nanofilaments, and 

carbon nanoparticles encapsulating gold particles by varying growth condition. Single-walled 

carbon nanotubes were also synthesized by Takagi and co-workers using different kinds of small 

metal nanoparticles (noble metals such as Au, Ag, Pt, Pd, and iron family metals such as Fe, Co, 

Ni. Cu was also chosen as catalyst).
98

 Here we list several approaches for synthesizing graphene 

encapsulated gold nanoparticles: 

(1) High temperature with electron irradiation. Sutter and co-workers
99

 observed the 

formation of Au/C core-shell heterostructures from amorphous carbon film supported gold 

nanoparticles. The formation of graphene took place at temperatures higher than 425 
o
C and 

under electron beam irradiation. Graphene fragments and layers formed only in the vicinity of 

gold nanoparticles, away from which amorphous carbon remains, which suggest that gold 
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nanoparticles were catalysts for the ordering and crystallization of carbon. They also did in situ 

TEM showing the interaction of nanoparticles under high temperature and electron irradiation 

(showed in figure 1.5). They found that carbon shells initially inhibit thermally driven 

coalescence between gold nanoparticles. However, under intense electron irradiation, carbon 

shells would acted like a pressurized chamber and ultimately stimulate coalescence by breaking 

core/shell structure. This work demonstrated that gold/graphite core/shell heterostructure can be 

formed and tailored under appropriate thermal and electronic driving force, but this method 

cannot be scale up for efficiently synthesizing large amount of core/shell heterostructure. 

(2) Polymer coating on gold. Hore and co-workers
100

 found that, without addition of 

amorphous carbon or graphite, carbon layers on gold can form by simply blending aliphatic 

polymers (e.g. polyethylene) with gold oxide. Comparing X-ray photoelectron spectroscopy 

(XPS), they demonstrated that cationic gold, after blended with polyethylene or polyvinylidene 

fluoride, would convert to anionic gold. In this process, polymers were oxidized other than 

catalyzed into carbon shell on gold particles. Kim et al.
101

 also reported the formation of carbon 

shell from polymer coated gold. Gold film was embedded between two polyamic acid films. This 

sandwich-shape sample was first annealed at 400-800 
o
C resulting in a monolayer of gold 

nanoparticles in the center, then further annealed at 1000 
o
C in oxidize atmosphere, and 

eventually formed gold nanoparticles coated with 2-2.5 nm amorphous carbon layer. Overall, 

synthesis gold/graphite heterostructure by coating polymer would induce a significant amount of 

amorphous carbon and make it difficult to eliminate impurities after reaction. 

(3) Chemical vapor deposition. CVD process is a promising method to produce graphene 

encapsulated gold with minimum amount of impurities (e.g. CNT), and it is capable to be applied 

in a large scale. Chopra et al.
102

 reported the formation of gold nanoparticle/graphite 
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heterostructure from plasma oxidized gold by CVD growth. However, there is still a need for 

detailed understanding of several questions such as the plasma oxidation of gold nanoparticles, 

the role of gold oxide in the growth of graphene, and the graphene growth mechanism. These are 

motivations for our research. 
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Figure 1.5 Sequence of transmission electron microscopy images characteristic of the interaction 

of Au/C core-shell nanoparticles in the temperature range between 400 and 800 
o
C. Reprinted 

with permission from 
99

 (Sutter, E.; Sutter, P.; Zhu, Y. M., Assembly and interaction of Au/C 

core-shell nanostructures: In situ observation in the transmission electron microscope. Nano 

Letters 2005, 5 (10), 2092-2096). Copyright 2005 American Chemical Society. 
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1.5 Raman Spectroscopy 

Raman spectroscopy is an analysis technique which bears the name of India physicist C. 

V. Raman who was the pioneer in this field. When light interacts with an atom or molecule, 

different kinds of scattering occur (Rayleigh scattering, Stokes scattering, and Anti-Stokes 

scattering). If the energy of incident is not high enough to excite the molecules from ground state 

to the lowest electronic state, the molecule will be excited to a virtual state and immediately go 

back to the ground state. In case of elastic scattering, molecule will go back to its original energy 

state, this is called Rayleigh scattering. However, if the light is scattered by an excitation 

(inelastic scattering), the wavelength of scattered photons will be different from the wavelength 

of incident phonons, corresponding to energy change. If the emitted energy is lower than the 

incident energy, it is called Stokes scattering. On the opposite, if the emitted energy is higher, it 

is called Anti-Stokes scattering. Both kinds of elastic scattering contribute to Raman Effect. 

Since the energy differences between scattered and incident photons are depend on the 

differences of the vibrational and rotational energy-levels of the molecule, we can analysis the 

molecule by comparing the energy shift of photons. Schematic of different cases of scattering is 

shown in figure 1.6. 
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Figure 1.6 Schematic of different cases of scattering (Rayleigh scattering, Stokes scattering, and 

Anti-Stokes scattering) 

 

  

 



 

29 

 

1.6 Challenges, Motivations, and goals 

Before one can use nanoparticles with desired morphology for further applications, it is 

necessary to understand how various morphologies develop in nanoparticles and what the major 

factor is. Even though significant efforts have been made in synthesizing noble metal 

nanoparticles, it remains unknown that how much variation in their size, shape, and crystallinity 

exists throughout a specific sample set. Moreover, single component noble metal nanoparticles 

have several limitations: (1) Aggregation can yield bulk materials or false positive results; (2) 

Unprotect surface allows the possibility for other chemicals replace the label species on the 

nanoparticle surface; (3) The properties of noble metal nanoparticles are strongly depend on the 

type of ligand used to passivate their surfaces. To protect noble metal nanoparticles from 

unexpected aggregation, we can synthesize graphene encapsulated nanoparticles heterostructure. 

The other major challenge is the growth of graphene on noble metal nanoparticles. 

Usually, Fe, Co, and Ni are used for catalyzing chemical vapor deposition of graphene. For a 

long time, gold was considered incapable to catalyze the growth of graphene structure. Even 

though some researchers have successfully synthesized carbon nanotube using gold in CVD 

furnace,
103,

 
96, 98

 the mechanism is still remains a matter of debate. 

Because its plasmon oscillation excitation frequency lies in the range of visible light, gold 

is a popular material used in SERS. Since graphene has good photo-permeability, gold 

nanoparticles encapsulated in graphite shell may maintain the property for Raman signal 

enhancement. Meanwhile, the surface of gold can be protected by carbon shell, on which 

carboxyl group can be attached, open a new route for the fabrication of multi-functional 

materials. For other noble metals such as palladium and platinum, they are well known by their 

catalytic activity. Since nanoparticles’ properties are decided by their composition, size, and 
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shape, it is critical to understand how the morphology factors govern nanoparticles size and 

shape. At the same time, the synthesis and application of multicomponent nanomaterials is a 

promising field to explore.  

Thus, we believe a systematic study for the morphology control of noble metal 

nanoparticles synthesis, and the synthesis of graphene encapsulated noble metal nanoparticles 

can lead us to a new field with multiple application directions for our study. 

In this study, our goals include: (1) to understand how different conditions (such as 

temperature, surfactant type and concentration, reaction duration, foreign ions) affect the 

morphology development of nanoparticles; (2) to observe the oxidation behavior of gold, 

palladium, and platinum nanoparticles under oxygen plasma; (3) to synthesis graphene 

encapsulated noble metal nanoparticles and study the growth mechanism of graphene. These 

graphene encapsulated noble metal nanoparticles will be a unique surface enhanced Raman 

substrate, where optical properties of core materials and rich chemistry of graphene shell could 

result in unique multi-functionality. 
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CHAPTER 2 

2. EXPERIMENTAL PROCEDURES 

2.1 Materials and Methods 

 Gold (III) chloride trihydrate (HAuCl4∙3H2O, 99.9%), Palladium (II) chloride (PdCl2, 

99.999%), Polyvinylpyrrolidone (PVP, (C6H9NO)x, Mw 40,000) were purchased from Sigma-

Aldrich (St. Louis, MO). Sodium tetrachloropalladate (II) hydrate (Na2PdCl4∙xH2O (x≈3), 

99.999%), Dihydrogen hexachloropatinate (IV) hexahydrate (H2PtCl6∙6H2O, 99.9%) were 

bought from Alfa Aesar (Ward Hill, MA). Hexadecyltrimethylammonium bromide (CTAB, 

C19H42BrN, 99+ %), sodium borohydride (NaBH4, powder, 98+ %), L-Ascorbic acid (reagent 

ACS), Silver nitrate (AgNO3, reagent ACS, electrophoresis grade), Ethyl Alcohol (C2H6O, 95%), 

potassium bromide (KBr, 98%) were purchased from Acros Organics (New Jersey, NJ). Acetone 

((CH3)2CO), Ethylene Glycol (EG, HOCH2CH2OH) were bought from VWR International (West 

Chester, PA), Potassium chloride (KCl, 99.7) was purchased from Fisher Scientific (New Jersey, 

NJ). 3-Mercaptopropyltrimethoxysilane (MPTMS, HSCH2CH2CH2Si(OCH3)3, 97+ %) was 

bought from TCI America (Portland, OR). All chemicals were used without further purification. 

Silicon wafers (100, n-type) were purchased from IWS (Colfax, CA). DI water (18.1 MΩ-cm) 

was obtained using a Barnstead International DI water system (E-pure D4641). 

Labnet centrifuge (Edison, NJ) was used to wash and separate nanoparticles. Before 

characterization, samples were dried and stored in a VWR vacuum oven (West Chester, PA). 

Oxygen plasma treatment was performed in a Nordson March Jupiter III Reactive Ion Etcher 

(Concord, CA) and Model 1021 plasma cleaner (E.A. Fischione Instruments, PA). Quenching of 

solutions was performed in recirculating bath purchased from VWR North American, Model 
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1162A (West Chester, PA). Graphene growth was conducted inside Lindberg blue 3-zone tube 

furnace (Watertown, WI). Quartz tubes were purchased from ChemGlass (Vineland, NJ). 

Syringe injector was obtained from Fisher Scientific (Suwannee, GA). Thermocouples and 

temperature controllers were bought from Omega Engineering (Stamford, CT). H2 (UHP grade, 

40% balanced with Ar) and Ar (UHP grade) gas cylinders were purchased from Airgas South 

(Tuscaloosa, AL). Gas flow rates of all chemical vapor deposition processes were controlled by 

Teledyne Hasting power pod 400 mass flow controllers (Hampton, VA).  
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2.2 Synthesis of gold nanoparticles 

Gold nanoparticles (AuNPs) were synthesized by two methods: single-step method and 

seed-growth method. For single-step approach baseline sample, 0.1 mL HAuCl4 (5×10
-3 

M) was 

mixed with 9.8 mL CTAB (0.03 M) and 0.1 mL DI water. Subsequently, 10 µL ice-cold NaBH4 

(0.12 M) was added, and solution was magnetically stirred and reacted for 2 h. In seed-growth 

approach, firstly, seed solution was prepared by mixing 1 mL HAuCl4 (5×10
-3 

M) with 50 µL 

CTAB (0.1
 
M) and 8.5 mL DI water, then 0.5 mL ice-cold NaBH4 (0.12 M) was added.  The 

solution was allowed magnetically stirred and reacted for 2 h. After seed synthesis, the baseline 

sample was synthesized by mixing 0.45 mL HAuCl4 (5×10
-3 

M) with 7.5 mL CTAB (0.1
 
M) and 

1.5 mL DI water, then 0.05 mL fresh-made AA (0.1 M) was added while stirring. After that, 0.5 

mL as-prepared seed solution was added, and solution was magnetically stirred and reacted for 3 

h. 

To examine the influence of different growth parameters on the size and morphology of 

AuNPs, systematic studies (Table 2.1 and 2.4) were performed for both approaches by changing 

temperature (4 – 130 
o
C), surfactant type and concentration (0 – 0.8 M), metal salt concentration 

(5 × 10
-6

 – 5 × 10
-3

 M) or seed amount (0.005 – 0.5 mL), and reaction duration (30 min – 24 h). 

Only one variable was changed while keeping all the other conditions fixed for each experiment. 

The effects of quenching (Table 2.2) the AuNP solution immediately after their high temperature 

synthesis (at 130 
o
C, Table 2.1, sample 7) were also observed. The AuNP solution was quenched 

in a recirculating bath for 1 h at 10 
o
C, 0 

o
C, and -20 

o
C, respectively.  
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Figure 2.1 Digital image showing the set-up for synthesis gold nanoparticles at (a) room 

temperature, and (b) high temperature. Schematic showing the parameter study of (c) single-step 

method and (d) seed-growth method. 

c 

d 

a b 
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Table 2.1 Systematic study for single-step synthesis of AuNPs. The nanoparticles were 

synthesized by varying one growth parameter at a time while other parameters remained fixed. 

The shaded region in the table denotes the changing parameter and baseline parameters (sample 

2) are indicated by bold and italicized fonts.  

Sample 

number 
Surfactant 

Surfactant 

concentration/M 
[Au

3+
]/M NaBH4/M T/℃ Time/h 

1 CTAB 0.0294 5×10
-5

 1.2×10
-4

 4 2 

2 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 2 

3 CTAB 0.0294 5×10
-5

 1.2×10
-4

 50 2 

4 CTAB 0.0294 5×10
-5

 1.2×10
-4

 70 2 

5 CTAB 0.0294 5×10
-5

 1.2×10
-4

 90 2 

6 CTAB 0.0294 5×10
-5

 1.2×10
-4

 110 2 

7 CTAB 0.0294 5×10
-5

 1.2×10
-4

 130 2 

8 CTAB 0.0294 5×10
-6

 1.2×10
-4

 25 2 

2 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 2 

9 CTAB 0.0294 5×10
-4

 1.2×10
-4

 25 2 

10 CTAB 0.0294 5×10
-3

 1.2×10
-4

 25 2 

11 PVP 0.0294 5×10
-5

 1.2×10
-4

 25 2 

2 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 2 

12 KBr 0.0294 5×10
-5

 1.2×10
-4

 25 2 

13 MPTMS 0.0294 5×10
-5

 1.2×10
-4

 25 2 

14 PVA 0.0294 5×10
-5

 1.2×10
-4

 25 2 

15 CTAB 0 5×10
-5

 1.2×10
-4

 25 2 

16 CTAB 0.0074 5×10
-5

 1.2×10
-4

 25 2 

2 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 2 

17 CTAB 0.8 5×10
-5

 1.2×10
-4

 25 2 

18 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 0.25 

19 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 0.5 

2 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 2 

20 CTAB 0.0294 5×10
-5

 1.2×10
-4

 25 24 
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Table 2.2 Quenching conditions for AuNPs that were synthesized at 130 
o
C (Table 2.1, sample 7) 

 

Sample 

number 

Surfactant 

Surfactant 

concentration/M 

[Au
3+

]/M NaBH4/M 

Synthesis 

T/℃ 

Synthesis 

Time/h 

Quench 

T/℃ 

Quench 

time/h 

21 CTAB 0.0294 5×10
-5

 1.2×10
-4

 130 2 10 1 

22 CTAB 0.0294 5×10
-5

 1.2×10
-4

 130 2 0 1 

23 CTAB 0.0294 5×10
-5

 1.2×10
-4

 130 2 -20 1 
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Table 2.3 Seed synthesis condition in seed-growth method. 

Surfactant 
Surfactant 

concentration/M 
[Au

3+
]/M NaBH4/M T/℃ Time/h 

CTAB 0.0005 5×10
-4

 0.006 25 2 

 

Table 2.4 Systematic study for growth condition of seed-growth synthesis of AuNPs. The 

nanoparticles were synthesized by varying one growth parameter at a time while other 

parameters remained fixed. The shaded region in the table denotes the changing parameter and 

baseline parameters (sample 2) are indicated by bold and italicized fonts.  

Sample 

number 
[Au

3+
]/M Surfactant 

Surfactant 

concentration/M 

Seed 

amount/mL 
T/℃ Time/h 

1 2.25×10
-4

 CTAB 0 0.5 25 3 

2 2.25×10
-4

 CTAB 0.075 0.5 25 3 

3 2.25×10
-4

 CTAB 0.5 0.5 25 3 

4 2.25×10
-4

 CTAB 0.075 0.0005 25 3 

5 2.25×10
-4

 CTAB 0.075 0.0625 25 3 

6 2.25×10
-4

 CTAB 0.075 0.125 25 3 

2 2.25×10
-4

 CTAB 0.075 0.5 25 3 

2 2.25×10
-4

 CTAB 0.075 0.5 25 3 

7 2.25×10
-4

 CTAB 0.075 0.5 90 3 

8 2.25×10
-4

 CTAB 0.075 0.5 130 3 

9 2.25×10
-4

 CTAB 0.075 0.5 25 1 

2 2.25×10
-4

 CTAB 0.075 0.5 25 3 

10 2.25×10
-4

 CTAB 0.075 0.5 25 9 

11 2.25×10
-4

 CTAB 0.075 0.5 25 24 
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2.3 Plasma oxidation of gold nanoparticles 

As-synthesized AuNPs were oxidized by plasma treatment process. Silicon wafer was 

first piranha cleaned by soaked in the mixture of H2SO4 and H2O2 (volume ratio is 5:1) at 100 
o
C 

for 30 min. Subsequently, the wafer was soaked and rinsed with copious amount of DI water and 

dried in air. As a next step, as-prepared AuNPs (table 1, sample 10) were dispersed on piranha 

cleaned silicon substrate by drop casting. After this step, the silicon substrate decorated with 

AuNPs was dried in desiccator. Subsequently, the substrate was placed in Jupiter III reactive ion 

etching chamber and oxidized at 160 watt and 300 mTorr of O2 pressure. To study the effect of 

plasma oxidation on AuNPs, the process was performed for different durations (15-75 min).  
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Figure 2.2 (a) Digital image showing Jupiter III reactive ion etcher, (b) schematic indicating gold 

nanoparticles are oxidized by O2 plasma. 

b a 
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2.4 Growth of graphene on gold nanoparticles 

Graphene was grown in a CVD process. Silicon wafer decorated with AuNPs that were 

plasma oxidized for 30 min was placed in the center of quartz tube equipped with precursor and 

gas lines for Ar/H2 flow. Xylene precursor was injected through a syringe injector into a pre-

heated zone (~ 220 
o
C) at the rate of 45 mL/h for about 2 min and subsequently transported into 

the reaction zone (~ 675 °C) inside the quartz tubes furnace. The xylene flow rate was reduced to 

1 mL/h when H2 in Ar (Ar/H2=1.8 SLM: 0.2 SLM 10% v/v) carrier gas was introduced in the 

CVD reactor, where H2 acted as an oxygen scavenger. The CVD reaction was continued for 1 h 

after which H2 and xylene flow was discontinued and furnace was cooled down under Ar flow. 
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Figure 2.3 Schematic representing of chemical vapor deposition process for graphene 

encapsulating noble metal nanoparticles 
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2.5 Synthesis of palladium nanoparticles 

Palladium nanoparticles (PdNPs) were synthesized by ethanol reduction for parameter 

study. In a typical process, 4.8 mg PdCl2 was dissolved in a mixture of 10 mL ethanol and 10 mL 

DI water. 0.116 g PVP was added to the solution, and then the solution was allowed to reflux at 

100 
o
C for 3 h in N2 atmosphere. The dark brown product was washed by DI water and Acetone, 

and finally dispersed in DI water. To examine the influence of different parameters on the size 

and morphology of Pd nanoparticles, systematic studies (Table 2.5) were performed by changing 

surfactant concentration (0.261 – 2 mM), metal salt concentration (0.0271 – 0.5 mM), 

temperature (100 – 150 
o
C), and reaction duration (1 – 10 h). Only one variable was changed 

while keeping all the other experimental conditions fixed for each particular experiment. 

To control the shape of PdNPs, KBr and KCl were added as shape-control additives. An 

aqueous solution (8.0 mL) containing 105 mg PVP, 60 mg AA, 600 mg KBr, and 185 mg KCl 

were placed in a volumetric flask, refluxed and pre-heated in oil bath under magnetic stirring at 

80 
o
C for 10 min. Then, 3.0 mL of an aqueous solution containing 67.46 mg Na2PdCl4∙xH2O 

(x≈3) was added using a pipette. The solution was stirred and refluxed at 80 
o
C for 3 h. The dark 

brown solution was centrifuged, washed 3 times to remove excess PVP, and re-dispersed in 11 

mL DI water. 
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Table 2.5 Systematic study for synthesis of PdNPs. The nanoparticles were synthesized by 

varying one growth parameter at a time while other parameters remained fixed. The shaded 

region in the table denotes the varying parameter and baseline parameters (sample 3) are 

indicated by bold and italicized fonts.  

 

Sample 

number 

Metal salt 

Reducing 

agent 

PVP 

amount/mmol 

Metal 

salt/mmol 

T/℃ Time/h KBr/mmol KCl/mmol 

1 PdCl2 Ethanol 0.261 0.0271 100 3 0 0 

2 PdCl2 Ethanol 0.522 0.0271 100 3 0 0 

3 PdCl2 Ethanol 1.044 0.0271 100 3 0 0 

4 PdCl2 Ethanol 2 0.0271 100 3 0 0 

3 PdCl2 Ethanol 1.044 0.0271 100 3 0 0 

5 PdCl2 Ethanol 1.044 0.05 100 3 0 0 

6 PdCl2 Ethanol 1.044 0.25 100 3 0 0 

7 PdCl2 Ethanol 1.044 0.5 100 3 0 0 

3 PdCl2 Ethanol 1.044 0.0271 100 3 0 0 

8 PdCl2 Ethanol 1.044 0.0271 125 3 0 0 

9 PdCl2 Ethanol 1.044 0.0271 150 3 0 0 

10 PdCl2 Ethanol 1.044 0.0271 100 1 0 0 

3 PdCl2 Ethanol 1.044 0.0271 100 3 0 0 

11 PdCl2 Ethanol 1.044 0.0271 100 6 0 0 

12 PdCl2 Ethanol 1.044 0.0271 100 10 0 0 

13 NaPdCl4 AA 0.945 0.1937 80 3 5.04 2.48 
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2.6 Synthesis of platinum nanoparticles 

Platinum nanoparticles (PtNPs) were synthesized by alcohol reduction for parameter 

study. In a typical process, 6.2 mg H2PtCl6∙6H2O was dissolved in 2 mL DI water, mixed with 8 

mL DI water and 10 mL ethanol, followed with adding 0.04 g PVP. The mixture was refluxed at 

95 
o
C for 3 h under air. To examine the influence of different parameters on the size and 

morphology of PtNPs, parametric studies (Table 2.6) were performed by changing metal salt 

concentration (1.93×10
-5

 - 1.93×10
-2

 M), surfactant amount (0 – 2 g), temperature (95 – 150 
o
C), 

reducing agent (ethanol or NaBH4), and duration (1 – 24 h). Only one variable was changed 

while keeping all the other conditions fixed for each experiment. 

To control the shape of PtNPs, AgNO3 was added as shape-control additive. First, 2.5 mL 

of EG was magnetic stirred and refluxed at 200 
o
C for 5 min in an oil heating bath. Second, 0.5 

mL 0.002 M AgNO3 in EG was added to above EG. Third, 3 mL 0.375 M PVP and 1.5 mL 

0.0625 M H2PtCl6 in EG were mixed together, then 140.7 µL of PVP and H2PtCl6 in EG mixture 

was added into the volumetric flask every 30 s over a 16 min period (4.5 mL totally). The 

resultant mixture was heated and refluxed at 200 
o
C for an additional 5 min. After cooling down, 

the solution was centrifuged at 5000 rpm for 15 min to remove AgCl. The supernatant was 

collected and precipitated by adding triple volume (21 mL) of acetone, and centrifuged at 3000 

rpm for 5 min. The precipitate was dispersed in 3 mL ethanol by sonication, then added 9 mL of 

hexane. Repeating the centrifugation step twice, and finally the product was dispersed in 3 mL of 

ethanol. 
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Table 2.6 Systematic study for synthesis of PtNPs. The nanoparticles were synthesized by 

varying one growth parameter at a time while other parameters remained fixed. The shaded 

region in the table denotes the changing parameter and baseline parameters (sample 2) are 

indicated by bold and italicized fonts.  

 

Sample 

number 

H2PtCl6/M 

Surfactant (PVP) 

amount/g 

T/℃ Reducing agent Time/h 

Additive 

1 1.93×10
-5

 0.04 95 Ethanol 3 / 

2 6.0×10
-4

 0.04 95 Ethanol 3 / 

3 1.93×10
-3

 0.04 95 Ethanol 3 / 

4 1.93×10
-2

 0.04 95 Ethanol 3 / 

5 6.0×10
-4

 0 95 Ethanol 3 / 

2 6.0×10
-4

 0.04 95 Ethanol 3 / 

6 6.0×10
-4

 1.2 95 Ethanol 3 / 

7 6.0×10
-4

 2 95 Ethanol 3 / 

2 6.0×10
-4

 0.04 95 Ethanol 3 / 

8 6.0×10
-4

 0.04 150 Ethanol 3 / 

2 6.0×10
-4

 0.04 95 Ethanol 3 / 

9 6.0×10
-4

 0.04 95 NaBH4 3 / 

10 6.0×10
-4

 0.04 95 Ethanol 1 / 

2 6.0×10
-4

 0.04 95 Ethanol 3 / 

11 6.0×10
-4

 0.04 95 Ethanol 10 / 

12 6.0×10
-4

 0.04 95 Ethanol 24 / 

13 1.25×10
-2

 0.125 200 Ethylene glycol 0.35 AgNO3 
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2.7 Dispersion and plasma oxidation of palladium, platinum nanoparticles 

As-synthesized shape controlled PdNPs and PtNPs were oxidized by plasma treatment 

process. PdNPs and PtNPs were dispersed on piranha cleaned silicon substrate as the same 

method with AuNPs by drop casting. After this step, the silicon substrate decorated with gold 

nanoparticles was dried in desiccator. The plasma oxidation process for PdNPs and PtNPs was 

performed in Model 1021 plasma cleaner at 600 W and ~36 mTorr of mixture gas (25% O2 and 

75% Ar) pressure. To study the effect of plasma oxidation on PdNPs and PtNPs, the process was 

performed for different durations (5-45 min). 
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Figure 2.4 Digital images of Model 1021 plasma cleaner and the schematic shows sample stage. 

Inserted into 

plasma 

chamber 
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2.8 Growth of graphene on palladium and platinum nanoparticles 

Graphene was grown in a CVD process as the same method with gold nanoparticles. 

Silicon wafer decorated with PdNPs, PtNPs that were plasma oxidized for 30 min were placed in 

the center of quartz tube equipped with precursor and gas lines for Ar/H2 flow. Xylene precursor 

was injected through a syringe injector into a pre-heated zone (~ 220 
o
C) at the rate of 45 mL/h 

for about 2 min and subsequently transported into the reaction zone (~ 675 °C) inside the quartz 

tubes furnace. The xylene flow rate was reduced to 10 mL/h when H2 in Ar (Ar/H2=1.8 SLM: 0.2 

SLM, 10% v/v) carrier gas was introduced in the CVD reactor, where H2 acted as an oxygen 

scavenger. The CVD reaction was continued for 1 h after which H2 and xylene flow was 

discontinued and furnace was cooled down under Ar flow. 
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2.9 Characterization 

Scanning Electron Microscopy (SEM) images were obtained using FE-SEM JEOL-7000 

at 20 kV. Tecnai F-20 was used to collect Transmission Electron Microscopy (TEM) images at 

200 kV. SEM and TEM are used to characterize samples’ morphology. TEM samples were 

obtained by dispersing as-prepared samples on lacey carbon TEM copper grids purchased from 

Ted Pella Inc. (Redding, CA). X-ray photoelectron spectra (XPS) were gathered by Kratos Axis 

165 with Aluminum mono-gun. The analysis spot was set as “Slot” with >20 µm aperture and 

19.05 mm iris setting. XPS was used to characterize elements’ chemical states. Raman data were 

acquired using a Bruker Senterra Raman microscope (Bruker Optics Inc. Woodlands, TX) with 

785nm excitation, a 1200 rulings/mm holographic grating and a CCD detector, with the power at 

the sample ranging from 10 to 100 mW. Raman spectroscopy was used to characterize quality of 

graphene shells. 
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Figure 2.5 Digital images of (a) FE-SEM JEOL-7000 for SEM, (b) Tecnai F-20 for TEM, (c) 

Kratos Axis for XPS, and (d) Bruker Senterra for Raman. 

a b 

c d 
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2.10 Raman mapping for noble metal nanoparticles after graphene growth 

Raman spectral measurements were performed on silicon wafer decorated with AuNPs 

(table 2.1, sample 10), PdNPs (table 2.5, sample 13), and PtNPs (table 2.6, sample 12) after 

graphene growth. The spectral resolution is 3~5 cm
-1

 in the range of 102-2658 cm
-1

 with a laser 

power of 10 mW. A rectangular grid with area equal to 15µm× 15µm of the sample surface was 

chosen, the number of grid positions of both the X and Y directions is 10, and totally 100 points 

on the grid were scanned in full range. The chemical mapping was calculated by integrate the G-

band peak area with a define range from 1500~1700 cm
-1

. 3-D map was plotted versus the 

sample video image, where X, Z axis shows the sample position and Y axis shows the 

normalized intensity of G-band peak (normalized by the highest G-band peak intensity in 

scanned area). 
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2.11 Disperse noble metal nanoparticles on silicon wafer 

As-prepared AuNPs, PdNPs, and PtNPs were dispersed on silicon wafer by drop-casting 

and MPTMS functionalization methods. In both methods, silicon wafers were first piranha 

cleaned by the method described before. Drop-casting method is dropping appropriate amount of 

solution containing as-prepared nanoparticles on clean silicon wafer, and then dry in air.  

It is well known that thiol group in MPTMS has strong binding to metals such as gold, 

palladium, and platinum.
51

 So, MPTMS functionalization method first self-assembled a layer of 

MPTMS on hydroxyl-terminated silicon wafer through –OCH3 group
104

 by immersing piranha 

cleaned silicon wafer in 2 mM MPTMS in reagent alcohol for 12 h. Then the functionalized 

silicon wafer was rinsed with reagent alcohol, and annealed at 80 
o
C in air for 1 h to obtain 

strong binding between MPTMS and silicon wafer. After annealing, functionalized silicon 

wafers are ready to be used as substrate to disperse noble metal nanoparticles. The functionalized 

substrate will be immersed in nanoparticle solution for 12 h, and rinsed with reagent alcohol after 

dispersion. 
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2.12 Raman analysis of methylene blue on noble metal nanoparticles 

AuNPs, PdNPs, and PtNPs were first MPTMS functionalized on three silicon wafers, 

respectively. The substrates decorated with noble metal nanoparticles then can be used for 

surface enhanced Raman spectroscopy. Methylene blue (20 µL, 10
-5

 M) was drop-cast on 

piranha cleaned silicon wafer and three silicon wafer MPTMS functionalized AuNPs, PdNPs, 

and PtNPs, respectively. Raman spectral measurements were performed on above four silicon 

wafers after methylene blue dried in air. The spectral resolution was 3~5 cm
-1

 in the range of 

102-2658 cm
-1

 with a laser power of 10 mW. 
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CHAPTER 3 

3. RESULT AND DISCUSSION 

3.1 Synthesis and characterization of gold nanoparticles 

Gold is face centered cubic crystal; the lattice vectors are orthogonal and of equal length 

(denoted as lattice constant 𝑎). Equation 3.1 describes the relationship between adjacent (𝑙𝑚𝑛) 

lattice planes and lattice constant. 

𝑑(𝑙𝑚𝑛 ) =
𝑎

 𝑙2+𝑚2+𝑛2
                                                          (3.1) 

Where 𝑑(𝑙𝑚𝑛 )  is the lattice spacing which can be measured from high-resolution TEM, 𝑎  is 

lattice constant, and 𝑙, 𝑚, 𝑛 are Miller indices. 

The nucleation of gold nanoparticles is the result of competition between two opposing  

factors: the decrease of free energy because of the creation of new volume, and the increase of 

free energy because of the creation of new surface.
105

 In order to explain our observations in 

parameter study of gold nanoparticles nucleation and growth, some fundamental thermodynamic 

equations can be applied: 

∆𝐺𝑣 = −
𝑘𝑇  

Ω
ln  

𝐶

𝐶𝑜
 = −

𝑘𝑇  

Ω
ln(1 + 𝜍)                                        (3.2) 

                  ∆𝐺 =
4

3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟2𝛾                                                   (3.3) 

𝑟∗ = −2
𝛾

∆𝐺𝑣
                                                               (3.4) 

∆𝐺∗ =
16𝜋𝛾3

3(∆𝐺𝑣)2                                                              (3.5) 

𝑃 = 𝑒𝑥𝑝  −
∆𝐺∗

𝑘𝑇
                                                          (3.6) 

𝛤 =
𝑘𝑇

3𝜋𝜆3𝜂
                                                                (3.7) 
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𝑅𝑁 = 𝑛𝑃𝛤 =  
𝑐0
′ 𝑘𝑇

3𝜋𝜆3𝜂
 𝑒𝑥𝑝  −

∆𝐺∗

𝑘𝑇
                                            (3.8) 

𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
                                                               (3.9) 

𝐷 =
𝑘𝑇

3𝜋𝜂𝜆
                                                              (3.10) 

Where ∆𝐺𝑣  is the decrease in Gibbs free energy per unit volume of solid phase,  𝑘 is 

Boltzmann constant, 𝑇 is the temperature;  is the atomic volume, 𝜍 is the supersaturation, 𝐶 

and 𝐶0 are concentration and equilibrium concentration, respectively;  𝛾 is surface energy; 𝑟∗ is 

critical size for nucleus, ∆𝐺∗ is critical free energy for nucleation; 𝑃 is nucleation probability; 𝛤 

and 𝜆 are the successful jump frequency and diameter of growth species, respectively; 𝜂 is the 

viscosity of the solution. 𝑅𝑁 is the rate of nucleation per unit volume; 𝑛 is the number of growth 

species per unit volume, which equals to the initial concentration 𝑐0
′ . 𝐽 is diffusion flux, 𝐷 is 

diffusion coefficient, and 𝑥 is position. 

 

3.1.1 Synthesis gold nanoparticles in single-step 

Gold nanoparticles were first prepared by single-step synthesis method with conditions 

listed in table 2.1 in experimental part. The gold nanoparticles synthesized at 130 
o
C were 

quenched immediately after synthesis with conditions listed in table 2.2. After synthesis, the 

morphologies and lattice fringes were observed for as-prepared gold nanoparticles through TEM, 

and results are summarized in table 3.1 and 3.2.  

In single-step synthesis, gold nanoparticles developed through the reduction of ionic gold 

to metallic gold by NaBH4. Nucleation is homogeneous because of the absence of foreign 

nucleus. So, the shape of a gold nanoparticle under thermodynamic equilibrium condition can be 

predicted by Gibbs-Wulff theorem. When the surface energy is isotropic, the equilibrium shape 
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for a particle would be spherical to obtain minimum surface area for a given volume. However, 

the surface energy for crystalline solids is anisotropic. For instance, gold is face centered cubic 

(fcc) crystal structure, and the surface energies of low-index crystallographic facets is given in 

the order γ{111} <  γ{100} < γ{110}.
14

 Therefore, minimum total surface energy will be 

obtained from the balance of the surface area and the nature of the surface facets, both {111} and 

{100} facets would be contributed to the surface. This is further proved by TEM results, (111) 

and (200) crystal planes were observed in our system, which correspond to {111} and {100} 

facets, respectively. The crystal plane of nanoparticles can be calculated from lattice spacing 

under high-resolution TEM images by equation 3.1. 
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Table 3.1 Result summary for systematic study indicating size, shape distribution, lattice 

spacing, and the corresponding planes for the as-prepared AuNPs according to the table 2.1 

Sample 

number 
Surfactant structure 

Average 

size (nm) 
Shape distribution 

Lattice  spacing (nm) and 

the corresponding plane 

1  
(CTAB) 

5.71±1.71 Spherical 0.2062±0.003, (200) 

2  4.67±1.53 Spherical 0.2152, (200) 

3  4.59±1.46 Spherical 0.2217, (111) 

4  5.28±0.90 Spherical 0.2077, (200) 

5  7.48±2.9 Spherical 0.2332, (111) 

6  7.10±3.06 Spherical 0.2031±0.001, (200) 

7  13.98±3.9 

Triangle: 10%; 

Cubic: 9.2%; 

Spherical: 80.8%. 

0.2062, (200) 

0.2379, (111) 

8  5.92±1.59 Spherical 0.2111, (200) 

9  9.42±3.11 Spherical 
0.2099±0.002, (200) 

0.2212, (111) 

10  23.28±13.41 

Hexagon: 1.4%; 

Rhombus: 10.4%; 

Square: 8.1%; 

Triangle: 2.5% 

Spherical: 65%. 

0.2119±0.027, (200) 

0.2322±0.002, (111) 

0.2677, (110) 

11 
(PVP) 

2.98±1.66 Spherical  
0.2103±0.0004, (200) 

0.1842, (210) 

12 KBr 14.93±5.41 Spherical  
0.1973±0.003, (200) 

0.2321±0.003, (111) 

13 
(MPTMS) 

5.73±1.92 Spherical  
0.2010, (200) 

0.2432, (111) 

14 
 (PVA) 

3.25±0.42 Spherical  0.1964±0.002, (200) 

15  4.71±0.97 Spherical 0.2361±0.004, (111) 

16  4.27±1.74 Spherical 0.2270, (111) 

17  3.42±0.72 Spherical 0.2118, (200) 

18  3.64 ± 1.56 Spherical 0.2073, (200) 

19  4.80 ± 1.60 Spherical  0.2032, (200) 

20  4.35 ± 3.25 Spherical  0.2358, (111) 
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Figure 3.1 TEM images of AuNPs (table 2.1, sample 1-7) synthesized at different temperatures: 

(a, b) 4 
o
C, (c) 25 

o
C, (d) 50 

o
C, (e, f) 70 

o
C, (g, h) 90 

o
C, (i, j) 110 

o
C, (k, l) 130 

o
C, and (m) 

histogram showing AuNPs size distributions. 
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Temperature effect: The reduction of HAuCl4 by NaBH4 is shown in equation 3.11: 

9𝐻2𝑂(𝑙) + 8𝐻𝐴𝑢𝐶𝑙4(𝑖𝑎) + 3𝑁𝑎𝐵𝐻4(𝑖𝑎) = 8𝐴𝑢 + 3𝐻3𝐵𝑂3(𝑎) + 3𝑁𝑎𝐶𝑙(𝑎) + 29𝐻𝐶𝑙(𝑖𝑎)  (3.11) 

The Gibbs free energy for reaction (∆𝑟𝐺) at certain temperature can be calculated by 

software HSC 5.1, which is plotted out in figure 3.2. At temperature range from 4 
o
C to 130 

o
C, 

∆𝑟𝐺 keeps large negative quantity, indicates that such a reaction will be favored. Meanwhile, the 

absolute value of ∆𝑟𝐺 decrease as the increase of temperature, because the reaction occurs with 

an evolution of heat (exothermic process). As been proved by this thermodynamic calculation for 

reaction Gibbs free energy (∆𝑟𝐺 ), HAuCl4 can be easily reduced by strong reducing agent 

NaBH4 in the temperature range we studied, so the size and shape of gold nanoparticles are 

decided by nucleation and growth processes. 
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Figure 3.2 Reaction Gibbs free energy (∆𝒓𝑮) of reduction reaction of HAuCl4 with NaBH4 at 

different temperature. 

  

3𝐻2𝑂(𝑙) + 2.67𝐻𝐴𝑢𝐶𝑙4(𝑖𝑎) + 𝑁𝑎𝐵𝐻4(𝑖𝑎) = 2.67𝐴𝑢 + 𝐻3𝐵𝑂3(𝑎) + 𝑁𝑎𝐶𝑙(𝑎) + 9.67𝐻𝐶𝑙(𝑖𝑎) 
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According to equations 3.3 and 3.4, the minimum size of a new nucleus can exist (𝑟∗) is 

dominated by the energy barrier (∆𝐺∗) which is direct proportional to third order of surface 

energy (𝛾 ) and inverse proportional to second order of volume Gibbs free energy (∆𝐺𝑣 ). 

Increasing 𝛾 or decreasing the absolute value of ∆𝐺𝑣  results in the increase of ∆𝐺∗ for nucleation 

and critical size for nucleus 𝑟∗ . For a giving system, ∆𝐺𝑣  varies with temperature (𝑇 ) and 

supersaturation (𝜍), as shown in equation 3.2. Since 𝜍  dominates the change of ∆𝐺𝑣 , and 𝜍 

decreased as temperature increased, when temperature increased from 4 
o
C to 130 

o
C, ∆𝐺𝑣 

decreased, thus leading to the increase of ∆𝐺∗ and 𝑟∗. 

Also, at different temperature, the diffusion coefficient for gold ions diffused on gold 

nanoparticles can be derived from Stokes-Einstein equation (equation 3.10). For two gold 

nanoparticles with the same diameter, we have: 

𝐷1

𝐷2
=

𝑇1

𝑇2
∙
𝜂2

𝜂1
                                                           (3.12) 

 If assuming that the viscosity of solution does not change, the change of diffusion 

coefficient from 4 
o
C to 130 

o
C would be: 𝐷277𝐾 : 𝐷403𝐾 = 277: 403 ≈ 1: 1.5 . In fact, the 

viscosity of solution will decrease as temperature increase, so the diffusion coefficient will 

increase more. According to Fick’s law (equation 3.9), flux of gold ions to the surface of gold 

increases, thus gold nanoparticles have higher growth rate at higher temperature. 

As the temperature increased closer to the boiling point of water, size distribution of gold 

nanoparticles becomes broader. At 130 
o
C, different shapes (cube, triangle) of nanoparticles also 

evolved. These are due to the annealing of stabilizer (CTAB) layers at high temperature, causing 

it to rupture around the growing nanoparticles. The growth rate of gold nanoparticles increased 

as the stabilizer layer turned thinner. Also, the rupturing process can lead to anisotropic growth 

of nanoparticles and result in the evolution of nanoparticles with different shapes.
106
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Figure 3.3 TEM images of AuNPs (table 2.1, sample 8-10) synthesized using different metal salt 

(HAuCl4.3H2O) concentration: (a, b) 5×10
-6

 M, (c, d) 5×10
-4

 M, (e, f, g, h) 5×10
-3

 M, and (i) 

histogram showing AuNPs size distributions. 
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Metal salt (HAuCl4.3H2O) concentration: TEM images and size distribution histogram 

for gold nanoparticles with different metal salt concentration are summarized in figure 3.3. As 

the increase of HAuCl4·3H2O concentration, gold nanoparticles with larger size and broader size 

distribution were observed. Increasing the metal salt concentration resulted the increase of 

supersaturation, which reduced critical free energy (∆𝐺∗) and critical size (𝑟∗ ) for nucleus. 

According to equation 3.6, the possibility for nucleation (𝑃) was increased at the same time, 

ultimately resulted in high nucleation rate (𝑅𝑁 ). Meanwhile, high metal salt concentration 

gradient provided sufficient growth species around the nuclei and increased flux of gold ions, 

drives the nuclei grow into big particles.  The broad size distribution suggests a high driving 

force for particle growth and a continuous nucleation process. 

Since the surfactant CTAB molecules bind stronger to the {100} facets than the (111) 

facets,
20

 the growth rate of each facet varies. A large amount of gold nanoparticles with different 

shapes (hexagon, rhombus, square, and triangle) were observed when metal salt concentration 

increased to 5×10
-3

 M, indicating that the surfactant is not sufficient to form tightly packed 

micelle around nanoparticles, thus the rate of anisotropic growth is high enough to generate gold 

nanoparticles with different shapes. 
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Figure 3.4 TEM images of AuNPs (table 2.1, sample 11-14) synthesized from different 

surfactants: (a, b) PVP, (c, d, e) KBr, (f, g) MPTMS, (h, i) PVA, and (j) histogram showing 

AuNPs size distributions. 
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Figure 3.5 TEM images of AuNPs (table 2.1, sample 15-17) synthesized using different CTAB 

concentration: (a, b) 0 M, (c, d) 0.0074 M, (e, f) 0.8 M, and (g) histogram showing AuNPs size 

distributions. 
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Effects of surfactant type and concentration: To study the effect of different surfactant 

and the concentration on the morphology of gold nanoparticles, hexadecyltrimethylammonium 

bromide (CTAB), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), 3-

mercaptopropyltrimethoxysilane (MPTMS), and potassium bromide (KBr) were used with the 

same concentration as capping agent for synthesis of gold nanoparticles. Also, the concentration 

of CTAB was tuned from 0 M to 0.8 M to study size and shape change of AuNPs. CTAB is 

widely used as a soft template in gold nanorods and nanowires synthesis. The molecule of CTAB 

is constituted by a hydrophilic head group and a hydrophobic carbon tail. In aqueous solution, a 

bilayer of CTAB will form on the surface of gold.
32

 The first layer of CTAB bind to gold surface 

through the hydrophilic cationic head group (quaternary ammonium), and the hydrophobic 

carbon tails of bilayer CTAB will be packed together, leaving the hydrophilic head group from 

second layer CTAB facing to the bulk solution. Organic polymer PVA and PVP are also used as 

stabilizer in the synthesis of gold nanoparticles.
107

 
108

 MPTMS is terminated with thiol group, 

which can strongly bind on the surface of gold.
109

 These molecules can interact with gold 

nanoparticles with head group, while the thickness of the barrier layer can be tuned by 

molecules’ tail groups. It was observed that PVP and PVA resulted in small-sized gold 

nanoparticles (2.98 ± 1.66 nm, and 3.25 ± 0.42 nm, respectively). This may attributed to the 

thick polymer layer stabilizing the gold nuclei, which impeded the growth of the nanoparticles. 

In case of MPTMS, the particle size increased slightly as compared to polymer stabilizers. This 

may due to the packing of MPTMS on gold is not efficient enough, and certain extent of self-

polymerization of MPTMS is also possible since it was in aqueous solution. 

The role of bromide ions in morphological evolution of gold nanoparticles is a matter of 

debate. It is generally agreed that the ionic head group of CTAB (CTA
+
) stabilizes the nanorods 
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by forming a bilayer on gold surface. However, it was observed that only spherical nanoparticles 

are formed when CTA-Cl is used as surfactant.
13

 So, Br
-
 must play an important role in 

morphology control of gold nanoparticles synthesis. Garg and co-workers
110

 proposed that Br
- 

ions are adsorbed on gold by forming covalent bonds similar to Au-Br-Au bridging motifs, 

which could lead to gold nanoparticles growth and their broad size distribution. 

The reduction in gold nanoparticles’ size was observed as the increase of CTAB 

concentration, as shown in figure 3.5. This could attribute to tight packing of surfactant around 

the gold nuclei thus results in increasing of diffusion barrier for the metal salt. The viscosity of 

CTAB solution with different concentration can be found from related papers: at CTAB 

concentration of 0 M, 0.0074 M, 0.0294 M and 0.8 M, the viscosity of solution are 1.002 cP (DI 

water), 28.86 cP, 110.25 cP, and 30000 cP.
111

 
112

 According to equation 3.7, for growth species 

with same size and at certain temperature, the jump frequency 𝛤 will dramatically decrease as 

solution viscosity increase from 1.002 cP to 30000 cP (around 30000 times). But considering the 

low concentration of metal salt (HAuCl4) and strong reducing ability of NaBH4, HAuCl4 can be 

easily consumed. And by given sufficient time, gold nanoparticles can still nucleate and grow 

even at high viscosity solution. Thus no dramatically decrease of nanoparticle size in high 

viscosity solution was observed. The change will be more noticeable at high concentration of 

metal salt. 
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Figure 3.6 TEM images of AuNPs (table 2.1, 18-20) synthesized for different growth duration: 

(a) 0.25 h, (b) 0.5 h, (c) 24 h, and (d) histogram showing AuNPs size distributions. 
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Effect of duration: The nucleation and growth of nanoparticles will proceed only if the 

concentration of solution is above a specific minimum concentration to overcome the Gibbs free 

energy barrier. For a system with given concentration of metal salt, the growth of gold 

nanoparticles is slowed down once the significant amount of metal salt is consumed. In our case, 

strong reducing agent NaBH4 will result in a very fast consumption of the metal salt. In order to 

estimate how long the reaction last and to study the morphology evolution of gold nanoparticles 

in certain duration, gold nanoparticles were characterized from the same solution after adding 

reagents for 0.25 h, 0.5 h, 2 h, and 24 h, the results are shown in figure 3.6. Increasing of size 

was observed in first 0.25 h, after that, the size of synthesized gold nanoparticles unchanged. 

This indicates that reaction can be finished in 30 min and the as-synthesized nanoparticles were 

stable in the solution. The changes of nanoparticle size with each parameter in single-step were 

plot in figure 3.7. 
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Figure 3.7 The change of gold nanoparticle size with different parameters: (a) temperature, (b) 

metal salt concentration, (c) surfactant type, (d) CTAB concentration, and (e) synthesis duration. 
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Table 3.2 Results summarizing the effect of quenching (table 2.2, sample 21-23) on AuNPs 

prepared at higher temperature (130 
o
C), indicating size, shape distribution, lattice spacing and 

the corresponding plane for after-quenched AuNPs. 

 

Sample 

number 

Average size (nm) Shape distribution 

Lattice  spacing (nm) and the 

corresponding plane 

21 28.77±7.8 

Triangle: 11.5%; 

Cubic: 5.1%; 

Rod: 2.6%; 

Spherical: 80.8%; 

0.2342±0.001 (111) 

22 27.65±7.81 

Triangle: 6.3%. 

Cubic: 3.6%; 

Rod: 2.7%; 

Spherical: 87.4%. 

0.2082 (200) 

0.2196 (111) 

23 14.53±3.43 Spherical 

0.2329±0.002 (111) 

0.2041±0.004 (200) 
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Figure 3.8 TEM images of AuNPs (table 2.2, sample 21-23) synthesized at 130 
o
C and then 

quenched at (a, b, c) 10 
o
C, (d, e) 0 

o
C, (f, g, h, i) -20 

o
C, and (j) histogram showing AuNPs size 

distributions. 
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Effect of quenching: Gold nanoparticles were first synthesized at 130 
o
C for 2 h. After 

reaction, the as-prepared gold solutions were immediately quenched at 10 
o
C, 0 

o
C, and -20 

o
C, 

respectively. It was observed that quenching process results in various crystal defects in 

nanoparticles. The defect formation was significant in case of lowest quenching temperature, at 

which nanoparticles developed not only twin boundaries but also resulted in vacancy defects and 

dislocations. Chopra et al.
106

 also reported quenching process for nickel nanoparticles. The defect 

formation can be attributed to the sudden cessation of atomic level diffusion in the hot 

nanoparticle solution when it was quenched at low temperature. This also leads to straining of 

nanoparticle lattice. Comparing to the as-prepared gold nanoparticle solution before quenching, 

there is a noticeable increase in the size of quenched samples. The increase of nanoparticles size 

may be attributed to the rupture of surfactant during high-temperature synthesis, and the 

exposure of more active spots on particles, allowed further growth in aqueous where metal 

source ions also remain high activity before temperature decline. At lower temperature, the 

temperature decrease faster, and nucleation and growth of nanoparticles would be inhabited 

faster. This is further proved by the fact that as quenching temperature decrease, the resulting 

quenching sample has an average size closer to the size of sample before quenching. 
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3.1.2 Synthesis gold nanoparticles in seed-growth method 

In this method, gold nanoparticles seed solution was first synthesized following similar 

method with single-step synthesis. Then as-prepared seed solution was added into aqueous 

mixture containing metal salt, CTAB, and weak reducing agent L-ascorbic acid (AA). The 

effects of parameters such as CTAB concentration, seed amount, temperature, and growth 

duration were studied. The seeding and growth conditions are listed in table 2.3 and 2.4 in 

experimental part. After synthesis, the morphologies and lattice fringes were observed for as-

prepared gold nanoparticles through TEM, and results are summarized in table 3.3.  

Figure 3.9 (a) is a schematic shows the color change of a typical seed-growth process. In 

seed-growth synthesis, (b - e) are TEM images of Au seed, and (f) shows the histogram for seed 

size distribution. Before adding seed, metal salt (HAuCl4) was first reduced by weak reducing 

agent AA from Au
3+ 

to Au
+
 ,

20
 indicated from the disappearance of the yellow color of solution 

(AA is too weak to reduce Au
3+

 to Au
0
). In seed-growth process, nucleation is heterogeneous 

because of the existence of nucleus. It is widely accepted that seeds can serve as nucleation 

centers for the reduction of metal ions at their surfaces.
113

  However, for a Auatom/Au+ (aqueous) 

system, the reduction potential is -1.5 V (vs. NHE), whereas the reduction potential of AA is 

+0.125 V (vs. NHE), not negative enough to reduce gold salt.
114

 So, seed particles not just 

provide the surface for the growth of gold nanoparticles, but also catalyze the reduction 

processes through particle-mediated electron transfer from AA to gold ions.
115
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Figure 3.9 (a) A schematic showing the color change of a typical seed-growth process. (b - e) 

TEM images of Au seeds (table 2.3) and (f) a histogram showing AuNPs size distributions. 
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Table 3.3 Result summary for systematic study indicating size, shape distribution, lattice 

spacing, and the corresponding planes for the as-prepared AuNPs according to the table 2.4. 

Sample 

number 

Average 

size (nm) 
Shape distribution 

Lattice  spacing 

(nm) and the 

corresponding plane 

1 19.44±12.31 
Hexagon: 4.5%; Pentagon: 0.2%; Rod: 

1.0%; Triangle: 1.6%; Spherical: 92.7%. 

0.2025 (200) 

0.2321±0.008 (111) 

2  15.93 ± 2.38 
Oval: 0.8%; Rod: 3.7%; Triangle: 1.6%; 

Spherical: 94.7% 

0.2025  (200) 

0.2408 (111) 

3 7.73±3.28 
Hexagon: 0.2%; Rhombus: 0.2%; Triangle: 

0.2%; Spherical: 99.4%. 
0.2306 (111) 

4 27.49±11.32 Spherical 0.2077 (200) 

5 22.44±5.38 
Hexagon: 0.4%; Rod: 18.9%; Square: 

4.2%; Triangle: 10.5%; Spherical: 66.4%. 
0.2037 (200)  

6 17.73±6.14 
Rod: 51%; Rhombus: 1.14%; Square: 

1.14%; Triangle: 6.9%; Spherical: 39.8%. 
0.2317 (111) 

7 
13.94±2.70 

 

Oval: 3.2%; Rod: 5.6%; Triangle: 2.4%; 

Spherical: 88.8% 
0.2351 (111) 

8 

23.64±14.33 

0~10nm 

3.78±1.32 

10~350nm 

29.69±10.50 

Oval: 8.1%; Pentagon: 0.5%; Rod: 2.0%; 

Rhombus: 2.0%; Square: 0.5%; Triangle: 

6.6%; Spherical: 80.3% 

0.2296 (111) 

9 15.64±2.74 
Oval: 3.9%; Rod: 1.0%; Triangle: 3.9%; 

Spherical: 91.2% 
0.2382 (111) 

10 16.62±2.56 
Oval: 1.9%; Rod: 2.4%; Triangle: 1.9%; 

Spherical: 93.8% 
0.2377 (111) 

11 17.60±2.57 
Rod: 4.2%; Triangle: 3.4%; Spherical: 

Spherical: 92.4% 

0.2255±0.015 (111) 

0.2037 (200) 
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Figure 3.10 TEM images of AuNPs (table 2.4, sample 1-3) synthesized using different CTAB 

concentrations: (a, b, c) 0 M, (d, e) 0.075 M, (f, g) 0.5 M, and (h) histogram showing AuNPs size 

distributions. 
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Effect of CTAB concentration: Increasing the concentration of surfactant (CTAB), both 

average size and size distribution decreased, which is shown in figure 3.10 (from 19.44 ± 12.31 

nm to 7.73 ± 3.28 nm). The size distribution of nanoparticles depends on the interplay between 

the nucleation and growth during the process. Without addition of CTAB in growth-step (sample 

1, table 2.4), a large size distribution exists. The existence of numerous small particles suggests a 

high nucleation rate during the process, demonstrates that the presence of seeds not only serve as 

nucleus for further growth, but also appears to cause additional nucleation.
116

 
117

 A slight amount 

of CTAB was induced from seed solution for the growth of sample 1 (table 2.4). The weak 

barrier layer favored the growth of gold, generated big size nanoparticles; meanwhile, the slight 

amount of CTAB still can selectively bound to different facets, inducted anisotropic growth and 

resulted in different shapes.
20

 

As discussed in single-step method, the increase of CTAB concentration will lead to a 

tight packed barrier surround the seed, thus impede the mass transfer of gold ions to the surface 

of gold nanoparticles and reduce the growth rate. The viscosity of CTAB solution at 

concentration of 0 M, 0.075 M, and 0.5 M are 1.002 cP, 240 cP, and 15000 cP, respectively.
111,

  

112
 According to equation 3.10, for same size growing species at certain temperature, diffusion 

coefficient 𝐷1: 𝐷2: 𝐷3 =
1

𝜂1
:

1

𝜂2
:

1

𝜂3
≈ 1:

1

240
:

1

15000
. Thus the diffusion rate of gold ions would be 

slow down at high concentration CTAB concentration, and gold seeds could not grow bigger. It 

should be noticed that the average size of sample 3 (table 2.4) is less than the average size of 

seed; and the amount of small size particles in sample 3 is large. This suggests that the nucleation 

still took place at high concentration of CTAB, and generated more small gold nanoparticles. 

Thus the average size of gold nanoparticles for sample 3 was shrinking down. 
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Figure 3.11 TEM images of AuNPs (table 2.4, sample 4-6) synthesized by adding different 

amount of seed solution: (a, b) 0.0005 mL, (c, d) 0.0625 mL, (e, f) 0.125 mL, and (g) histogram 

showing AuNPs size distributions. 
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Effect of seed amount: The seed amount plays an important role in morphological 

evolution of nanoparticles, the effect of adding different amount of seed in growth process is 

shown in figure 3.11. It was observed that both size and size distribution of the nanoparticles 

were lowered down as increasing the amount of seed. In a certain concentration of metal salt, 

less amount of nucleus, more gold ions could anchored on each nucleus and result in bigger 

nanoparticles. Thus the size of gold nanoparticles was bigger seed amount was small. Moreover, 

Jana et al.
115

 observed that a smaller amount of seeds can lead to a burst of nucleation. This may 

explain the narrower size distribution when larger amount of seeds applied to the system. 

Effect of temperature: Gold nanoparticles were synthesized at different temperature in the 

growth step. According to Stokes-Einstein equation (equation 3.10):  
𝐷1

𝐷2
=

𝑇1

𝑇2
∙
𝜂2

𝜂1
. If assuming the 

viscosity maintained at different temperature, the diffusion coefficient at 25 
o
C, 90 

o
C, and 130 

o
C would be 𝐷298𝐾 : 𝐷363 : 𝐷403𝐾 = 298: 363: 403 ≈ 1: 1.22: 1.35. Actually, the viscosity would 

decrease as temperature increase, so the diffusion coefficient would increase more at high 

temperature. TEM images and size distribution histogram are shown in figure 3.12. It was 

observed that, as temperature increased higher than the boiling point of water, the size of gold 

nanoparticles increased. The size of gold nanoparticles synthesized at 90 
o
C is slightly smaller 

than 25 
o
C. This can be attributed to: (1) according to calculation, the increase of diffusion 

coefficient does not remarkably increase in the studied temperature range; (2) More 

nanoparticles with oval-shape were synthesized at 90 
o
C, and the measured size for an oval 

particle is smaller than a spherical particle with same volume. Increasing the temperature higher 

than boiling point of water, the annealing causes the rupture of stabilizer layer around the 

growing species. This can dramatically increase the diffusion of gold ions to the surface of gold 
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nanoparticles and result in bigger size nanoparticles. Nucleation rate was also accelerated 

because of seeds, leading to the generation of small particles and broadening of size distribution. 

Effect of duration: Gold nanoparticles were sampled after different growth duration. 

TEM images and size distribution histogram are shown in figure 3.13. An increase of 

nanoparticle size was observed, indicates that nanoparticles were grown fast in the first 1 h, and 

kept growing within 24 h in a slow rate. The changes of nanoparticle size with each parameter in 

seed-growth method were plot in figure 3.14. 
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Figure 3.12 TEM images of AuNPs (table 2.4, sample 7-8) synthesized at different temperatures: 

(a, b) 90 
o
C, (c, d) 130 

o
C and (e) histogram showing AuNPs size distributions. 
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Figure 3.13 TEM images of AuNPs (table 2.4, sample 9-11) synthesized for different growth 

duration: (a, b) 1h, sample 9; (c, d) 9 h, sample 10; (e, f) 24 h, sample 11, and (i) histogram 

showing AuNPs size distributions. 
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Figure 3.14 The change of AuNPs size with different parameters: (a) CTAB concentration, (b) 

seed amount, (c) temperature, (d) growth duration. 
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3.2 Synthesis and characterization of palladium nanoparticles 

Based on the study for gold nanoparticles synthesis, the systematic study for palladium 

nanoparticles was approached in a similar way. In this study, synthesis conditions such as PVP 

concentration, metal salt concentration, temperature, and synthesis duration were varied one 

parameter at a time (table 2.5). Average size, distribution of shapes, lattice spacing and the 

corresponding planes are summarized in table 3.4. TEM images and histograms of nanoparticle 

size distribution are shown in figure 3.15 to 3.18. 

A decrease of nanoparticle size and a narrow size distribution was observed when higher 

amount of PVP was added. PVP is a widely used stabilizer for nanoparticle synthesis.
118

 

Increasing of PVP concentration resulted in the increase of capping layer thus hinder the growth 

of nanoparticles; so, the sizes of palladium nanoparticles decrease. It was observed that larger 

size and broad size distribution was obtained as increase metal salt concentration. This is 

attributed to a higher supersaturation of metal salt boost the nucleation and growth rate. We 

observed particles with larger size and broad size distribution when increasing temperature. As 

temperature increased from 100 
o
C to 150 

o
C, particle size changed from 3.62 ±1.16 nm to 5.33 

± 3.15 nm, the shape of size distribution histograms suggest the existence of Ostwald ripening at 

high temperature. This is further supported in synthesis duration set: as the duration increase, the 

sizes of nanoparticles gradually increase, broaden the size distribution. The changes of 

nanoparticle size with each parameter in single-step were plot in figure 3.19. 
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Table 3.4 Result summary for systematic study indicating average size, shape distribution, lattice 

spacing, and the corresponding planes for the as-prepared PdNPs according to the table 2.5. 

Sample 

number 

Average 

size (nm) 
Shape distribution  

Lattice  spacing 

(nm) and the 

corresponding plane 

1 6.32±2.69 
Hexagon: 4.2%, Triangle: 1.3%, Spherical: 

94.5% 
0.2346±0.004 (111) 

2 6.21±3.84 
Hexagon: 4.2%, Rhombus: 0.8%, Square: 

0.4%, Triangle: 1.7%, Spherical: 92.9% 
0.2319±0.008 (111) 

3 3.62±1.16 
Hexagon: 2.8%, Triangle: 0.9%, Pentagon: 

0.9%, Square: 0.9%, Spherical: 94.5% 

0.1975 (200) 

0.2335±0.001 (111) 

4 4.01±1.81 

Hexagon: 3.4%, Pentagon: 0.5%, Rhombus: 

0.2%, Square: 0.7%, Triangle: 0.2%, 

Spherical: 95% 

0.2012 (200) 

0.2315±0.003 (111) 

5 4.48±2.05 
Hexagon: 1.4%, Rhombus: 0.9%, Square: 

2%, Triangle: 3.7%, Spherical: 92% 

0.2336±0.011 (111) 

0.1958 (200) 

6 4.53±1.66 

Hexagon: 0.2%, Pentagon: 0.4%, Rhombus: 

0.6%, Square: 0.6%, Triangle: 0.8%, 

Spherical: 97.4% 

0.2044 (200) 

0.2301±0.005 (111) 

7 8.44±2.87 

Hexagon: 7.6%, Rod: 0.8%, Rhombus: 3%, 

Square: 2.3%, Triangle: 3%, Spherical: 

83.3% 

0.2296±0.003 (111) 

8 5.23±3.65 

Hexagon: 3.6%, Pentagon: 0.65%, 

Rhombus: 2.8%, Square: 0.43%, Triangle: 

1.9%, spherical: 90.62% 

0.1975 (200) 

0.2287±0.002 (111) 

9 5.33±3.15 

Hexagon: 1.8%, Pentagon: 0.3%, Rhombus: 

0.6%, Square: 0.9%, Triangle: 2.4%, 

Spherical: 94.0% 

0.2037(200) 

0.2286±0.003 (111) 

10 4.66±2.11 
Hexagon: 1.9%, Pentagon: 0.8%, Square: 

1.3%, Triangle: 3.2%, Spherical: 93.8% 

0.2025±0.002 (200) 

0.2290±0.005 (111) 

11 6.76±3.80 

Hexagon: 2.4%, Pentagon: 0.3%, Rod: 

0.3%, Rhombus: 1.5%, Square: 1.2%, 

Triangle: 1.5%, Spherical: 92.8% 

0.2289±0.001 (111) 

0.1993 (200) 

12 8.09±4.04 

Hexagon: 4.4%, Pentagon: 0.4%, Rod: 

0.4%, Rhombus: 0.3%, Square: 1.6%, 

Triangle: 1.5%, Spherical: 91.4% 

0.2304±0.007 (111) 

0.1988 (200) 

13 17.36±2.60 
Cubic 89.6%; Triangle: 8.3%;  

Pentagon: 2.1% 
0.1958±0.002 (200) 
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Figure 3.15 TEM images of PdNPs (table 2.5, sample 1-4) synthesized using different PVP 

concentrations: (a, b) 0.261 mM, (c, d) 0.522 mM, (e, f) 1.044 mM, (g, h) 2 mM, and (i) 

histogram showing PdNPs size distributions. 
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Figure 3.16 TEM images of PdNPs (table 2.5, sample 5-7) synthesized using different metal salt 

(PdCl2) concentration: (a, b) 0.05 mM, (c, d) 0.25 mM, (e, f) 0.5 mM, and (g) histogram 

showing PdNPs size distributions. 
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Figure 3.17 TEM images of PdNPs (table 2.5, sample 8-9) synthesized at different temperatures: 

(a, b) 125 
o
C, (c, d) 150 

o
C, and (e) histogram showing PdNPs size distributions. 
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Figure 3.18 TEM images of PdNPs (table 2.5, sample 10-12) synthesized for different growth 

duration: (a, b) 1 h, (c, d) 6 h, (e, f) 10 h, and (g) histogram showing PdNPs size distributions. 
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Figure 3.19 The change of PdNPs size with different parameters: (a) PVP concentration, (b) 

metal salt concentration, (c) temperature, (d) synthesis duration. 
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We also synthesized high yield palladium nanocubes based on the systematic study. The 

TEM images and size distribution histogram are shown in figure 3.20. Palladium is a widely 

used catalyst; among different shapes of palladium nanoparticles, palladium nanocubes have 

received significant attention because it was reported that palladium {100} facets have higher 

catalytic activity than {111},
35

 and palladium cubes are enclosed by {100} facets. Shape control 

of palladium particles were obtained by adding halide species such as Br
-
 and Cl

-
 during the 

synthesis. First of all, Br
-
 and Cl

-
 have the affinity to bind {100} facets of palladium 

nanoparticles, which would help the formation of {100}. Secondly, in order to obtain uniform 

shapes, a moderate reducing rate is usually desired. Br
-
 and Cl

-
 ions can promote the formation of 

[PdBr4]
2-

 and [PdCl4]
2-

 complexes, thus can help us synthesis uniform nanocubes. 
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Figure 3.20 (a - d) TEM images of shape controlled PdNPs (table 2.5, sample 13), and (e) 

histogram showing PdNPs size distribution. 
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3.3 Synthesis and characterization of platinum nanoparticles 

In systematic study of platinum nanoparticles, metal salt concentration, PVP 

concentration, temperature, reducing agent, and synthesis duration were varied to observe the 

morphology change of platinum nanoparticles. Synthesis conditions are listed in table 2.6, and 

size, shape distribution and crystallinity for each sample are summarized in table 3.5. Figure 3.21 

to figure 3.25 present TEM images and size distribution histograms for each sample. 

Similar trends with Pd nanoparticles synthesis were obtained in the formation of platinum 

nanoparticles. Larger nanoparticles could be synthesized by increasing metal salt concentration, 

increasing temperature, or the decrease of stabilizer (PVP) amount. The mechanism has been 

demonstrated in systematic study of gold and palladium nanoparticles. Overall, we obtained 

small platinum nanoparticles with narrow size distribution. Ternaishi et al.
119

 demonstrated that 

the small size and uniform size distribution is due to high nucleation rate. Also, in our 

observation, there is not much morphology change in each set. Especially, when the synthesis 

duration varies from 1 h to 24 h, average size just had a small fluctuation (from 2.53 ± 0.48 to 

2.49 ± 0.38). However, by using strong reducing agent, we obtained large platinum nanoparticles 

with irregular shape, which is due to the violent reaction condition reduced the ability of PVP to 

stabilize platinum nanoparticles during the reaction and resulted the aggregation of nanoparticles. 

The changes of platinum nanoparticle size with each parameter were plotted in figure 3.26. 

Another goal for systematic study is to control the shape of nanoparticles. Song et al.
38

 

demonstrated that silver ion can enhance the crystal growth rate along <100>. So silver nitrate 

was added to our system as shape-control additives (table 2.6, sample 13). In this approach, 

platinum nanoparticles with larger size (7.65 ± 1.11 nm) and distinguished shapes (triangle and 

octahedron) were successfully synthesized.  
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Table 3.5 Result summary for systematic study indicating average size, shape distribution, lattice 

spacing, and the corresponding planes for the as-prepared PtNPs according to the table 2.6 

 

Sample 

number 

Average size 

(nm) 
Shape distribution  

Lattice  spacing (nm) and 

the corresponding plane 

1 2.91±0.42 Spherical 0.2228±0.003 (111) 

2 2.93±0.60 Spherical 
0.1982±0.003 (200) 

0.2292±0.004 (111) 

3 2.96±0.46 Spherical 
0.1978 (200) 

0.2301±0.002 (111) 

4 4.03±0.61 Spherical 
0.2015 ±0.006 (200) 

0.229 (111) 

5 3.07±0.36 Spherical 
0.1980 (200) 

0.2280±0.004 (111) 

6 2.45±0.39 Spherical 0.2331 (111) 

7 1.78±0.33 Spherical 
0.2546 {110} 

0.2419±0.004 (111) 

8 3.12±0.40 Spherical 
0.1950 (200) 

0.2247±0.005 (111) 

9 6.47±3.51 Irregular 
0.1980 (200) 

0.2286±0.003 (111) 

10 2.53±0.48 Spherical 0.2285±0.003 (111) 

11 2.77±0.39 Spherical 
0.1971±0.001 (200) 

0.2287±0.003 (111) 

12 2.49±0.38 Spherical 
0.1963±0.002 (200) 

0.2227±0.003 (111) 

13 7.65±1.11 Triangle and octahedron 0.222 (111) 
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Figure 3.21 TEM images of PtNPs (table 2.6, sample 1-3) synthesized using different metal salt 

(H2PtCl6) concentration: (a, b) 1.93×10
-5

 M, (c, d) 6.0×10
-4

 M, (e, f) 1.93×10
-3

 M, and (g) 

histogram showing PtNPs size distributions. 
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Figure 3.22 TEM images of PtNPs (table 2.6, sample 5-7) synthesized using different PVP 

amount: (a, b) 0 g, (c, d) 1.2 g, (e, f) 2 g, and (g) histogram showing PtNPs size distributions. 
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Figure 3.23 (a, b) TEM images of PtNPs (table 2.6, sample 8) synthesized at 150 
o
C, and (c) 

histogram showing PtNPs size distributions. 
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Figure 3.24 (a, b)TEM images of PtNPs (table 2.6, sample 9) synthesized using NaBH4 as 

reducing agent, and (c) histogram showing PtNPs size distributions. 
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Figure 3.25 TEM images of PtNPs (table 2.6, sample 10-12) synthesized for different growth 

duration: (a, b) 1 h, (c, d) 10 h, (e, f) 24 h, and (g) histogram showing PtNPs size distributions. 
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Figure 3.26 The change of PtNPs size with different parameters: (a) metal salt concentration, (b) 

PVP concentration, (c) temperature, (d) synthesis duration. 
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Figure 3.27 (a - c) TEM images of shape controlled PtNPs (table 2.6, sample 13), and (d) 

histogram showing PtNPs size distributions. 
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3.4 Plasma oxidation of noble metal nanoparticles 

The next step is the oxidization of noble metal nanoparticles. As demonstrated by Chopra 

et al. ,
102

 graphene shell can only be obtained on oxidized gold nanoparticles. The chemical state 

changes of gold, palladium and platinum is critical for understanding the oxidation behavior of 

noble metal nanoparticles, then help to further decide the oxidation condition for graphene 

growth step. 

3.4.1 Plasma oxidation duration study of gold nanoparticles 

As a second step in this study, gold nanoparticles (table 2.1, sample 10) were selected for 

their plasma oxidation to result in gold oxide, which is critical for the growth of graphene shell in 

a chemical vapor deposition (CVD) process. X-ray photoelectron spectroscopy (XPS) was 

utilized to determine the formation of AuOx. Figure 3.28 shows an overlapped XPS survey scans 

with binding energy ranging from 1000 to 0 eV and shows chemical composition of gold 

nanoparticles samples at various stages of plasma oxidation as a function of oxidation time. 

Different elements were detected: Au, Cl, N, Br, and B, which were from gold nanoparticles, 

unreacted HAuCl4, CTAB, and NaBH4, respectively. In addition, Si peak was also observed as 

the gold nanoparticles were drop-casted on silicon wafer. It could be observed that Si peaks 

increased in intensity as compared to non-plasma oxidized gold nanoparticles (Figure 3.28 a) and 

this could be attributed to removal of excessive surfactant (CTAB). The latter is removed as the 

plasma oxidation process is performed as proven by the fact that Br and N peaks disappeared 

beyond 15 min of plasma oxidation. The substrate is observed to be much clear but with certain 

extent of nanoparticle aggregation due to high energy plasma oxidation process. 

  



 

104 

 

 

 

Figure 3.28 XPS spectra corresponding to AuNPs (a) before plasma oxidation and after (b) 15 

min, (c) 30 min, (d) 45 min, (e) 60 min, (f) 75 min of plasma oxidation duration. Note: AuNPs 

(table 2.1, sample 10) were dispersed on Si wafer by drop casting method. 
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Figure 3.29 Deconvoluted XPS spectra (from figure 3.28), subtracted by linear background, and 

fitted with Au 4f peaks corresponding to AuNPs (a) before plasma oxidation and after (b) 15 

min, (c) 30 min, (d) 45 min, (e) 60 min, (f) 75 min of plasma oxidation duration. Note: AuNPs 

(table2.1, sample 10) were dispersed on unmodified Si wafer by drop casting method. 
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Table 3.6 Binding energy (eV) derived from XPS study for AuNPs (table 2.1, sample 10 with 

different plasma oxidation duration) corresponding to the spectra as shown in figure 3.29 

 

Plasma 

duration 

(min) 

Bind Energy (eV) 

Au 4f5/2 Au 4f7/2 

[Au
3+

]  AuOx Au
0
 [Au

3+
]  AuOx Au

0
 

0 89.06 / 87.85 85.38 / 83.98 

15 / / 87.59 / / 83.92 

30 / 88.41 87.63 / 84.8 83.93 

45 / 88.6 87.68 / 84.84 83.99 

60 / 88.5 87.67 / 84.89 84.01 

75 / 88.52 87.74 / 84.96 84.12 
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In regard to O peaks, apart from gold oxide, there could be several origins of this peak 

such as absorbed organic molecules, surface SiO2 from substrate, presence of BO2
-
 due to 

reaction of NaBH4. So the formation of gold oxide could only be detected by detailed analysis of 

gold XPS. Figure 3.29 presents detailed deconvolution of Au 4f peaks. 

The peaks observed in figure 3.29 (a) at 89.06 eV and 85.38 eV were assigned to Au
3+

 in 

HAuCl4 and is due to the presence of unreacted metal salt.
120

 This can be further supported by 

the disappearance of Cl peak after plasma oxidation process beyond 15 min because of the 

decomposition of the metal salt to metal nanoparticles. Pure element Au peaks consistent with 

Au 4f7/2 and Au 4f5/2 were observed at ~ 83.9 eV and 87.5 eV, respectively, irrespective of 

plasma oxidation process.
83

 As the plasma oxidation process was performed for different 

durations (15 – 75 min), two new peaks corresponding to AuOx at ~ 84.80 eV and 88.50 eV 

emerged (table 3.6). These peaks correspond to the chemical shift of Au 4f levels that have been 

strong indicators of gold oxide. This confirmed the presence of gold oxide shell with gold 

nanoparticle core. Oxidation behavior of gold nanoparticles was further estimated as shown in 

figure 3.30. This clearly shows the formation of gold oxide with the disappearance of metal salt 

and reduction in percentage of pure gold component. Overall, it was observed that about 31% 

gold oxide was formed as the plasma oxidation process was continued to 45 min. Further 

oxidation did not result more formation of gold oxide and there was even a slight decrease of 

gold oxide percentage after plasma 75 min. This may due to the decomposition of gold oxide 

under high temperature after lasting plasma oxidation. The XPS data presented in this study is 

important for understanding plasma-based oxidation behavior of gold nanoparticles and the role 

of excessive metal salt that was utilized as a precursor for gold nanoparticles formation. 
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Table 3.7 The ratio of AuOx calculated as peak area of AuOx over the sum of Au and AuOx peaks 

area as shown as figure 3.29 

 

Plasma time (min) 

HAuCl4 

peaks area 

Au peaks 

area 

AuOx peaks 

area 

Oxidized Ratio (%) 

(AuOx/ (Au+ AuOx) ×100%) 

0 3284.33 972.97 0 0 

15 0 3654.04 0 0 

30 0 2722.95 733.29 21.22 

45 0 2301.00 1035.82 31.04 

60 0 4161.10 1892.08 31.26 

75 0 2758.28 1081.19 28.16 
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Figure 3.30 Oxidation behaviors of AuNPs (table 2.1, sample 10) as a function of plasma 

duration, percentages of (a) HAuCl4, (b) AuOx, (c) Au corresponding to the calculation in table 

3.7 
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SEM was invested to study the surface migration of gold nanoparticles under plasma 

oxidation for different duration; the results are shown in figure 3.31. It was observed in figure 

3.31 (a) that as-prepared gold nanoparticles are constructed by different crystal facets, and the 

topography can be distinguished from the contrast of SEM. After plasma for 15 min, sharp edge 

disappeared, the surface of gold nanoparticles became rough, which suggests a melting process 

during plasma oxidation. Despite the fact that bulk gold is inert as its melting point as high as 

about 1060 
o
C, gold nanoparticles have much lower melting point.

121
 So, it is possible that gold 

nanoparticles undergo surface migration during plasma oxidation. We also observed that 

adjacent nanoparticles would stick to each other after 15 min oxidation, and the aggregation 

would increase in longer plasma duration, indicated from figure 3.31 (b) to (f). 
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Figure 3.31 SEM images of AuNPs (table 2.1, sample 10) (a) before plasma oxidation and after 

plasma oxidation for b) 15 min, c) 30 min, d) 45 min, e) 60 min, and f) 75 min. And (g) 

histogram shows size distributions of gold nanoparticles. Note: AuNPs were dispersed on 

unmodified Si wafer by drop casting method. All scale bar stands for100 nm. 
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3.4.2 Plasma oxidation of palladium nanoparticles 

As synthesized palladium nanoparticles (table 2.5, sample 13) were selected for plasma 

oxidation duration study. XPS was utilized to determine formation of palladium oxide. Figure 

3.32 shows an overlapped XPS survey scans with binding energy ranging from 1000 to 0 eV and 

shows chemical composition of palladium nanoparticles at various stages of plasma oxidation as 

a function of oxidation duration. Elements Pd, Na, C, and Si presented in spectra were from 

palladium nanoparticles, metal salt, PVP, and silicon substrate, respectively. In regard to O 

peaks, apart from palladium oxide, the absorbed organic molecules and surface SiO2 from 

substrate can also attribute to peak intensity. Thus the formation of palladium oxide could only 

be detected by detailed analysis of Pd XPS peaks. Figure 3.33 shows detailed deconvolution of 

Pd 3d peaks. 
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Figure 3.32 XPS spectra corresponding to PdNPs (a) before plasma oxidation and after (b) 5 

min, (c) 15 min, (d) 30 min, (e) 45 min of plasma oxidation duration. Note: Shape controlled 

PdNPs (table 2.5, sample 13) were dispersed on Si wafer by drop casting method. 
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Figure 3.33 Deconvoluted XPS spectra (from figure 3.32), subtracted by Shirley background, 

and fitted with Pd 3d peaks corresponding to PdNPs (a) before plasma oxidation and after (b) 5 

min, (c) 15 min, (d) 30 min, (e) 45 min of plasma oxidation duration. Note: Shape controlled 

PdNPs (table 2.5, sample 13) were dispersed on Si wafer by drop casting method 
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Table 3.8 Binding energy (eV) derived from XPS study for shape controlled PdNPs with 

different plasma oxidation duration corresponding to the spectra as shown in figure 3.33. 

Plasma 

duration 

(min) 

Bind Energy (eV) 

Pd 3d3/2 Pd 3d5/2 

PdO2 PdO Pd
0
 PdO2 PdO Pd

0
 

0 343.09 341.81 340.44 338.12 336.50 335.16 

5 343.09 341.94 340.37 338.14 336.64 335.10 

15 343.16 342.11 340.42 338.14 336.76 335.12 

30 343.06 342.11 340.39 338.05 336.78 335.12 

45 343.06 342.11 340.37 338.06 336.81 335.11 
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It was observed that as-prepared palladium nanoparticles are constituted major by 

element Pd (peaks consistent with Pd 3d5/2 and 3d3/2 were observed at ~335.16 eV and 340.44 

eV, respectively), some PdO (peaks consistent with 3d5/2 and 3d3/2 were observed at 336.50 eV 

and 341.81 eV, respectively) and PdO2 (peaks consistent with 3d5/2 and 3d3/2 were observed at 

338.12 eV and 343.09 eV, respectively). The formation of palladium oxide before plasma was 

due to the high activity of palladium nanoparticles, especially on the cubic corners and high 

temperature (80 
o
C) for palladium nanoparticle synthesis. As the plasma oxidation process was 

performed for different durations (5 - 45 min), the peaks corresponding to palladium oxide 

increased constantly, indicates the formation of palladium oxide. Oxidation behavior of 

palladium nanoparticles was further estimated as shown in figure 3.34. Palladium nanoparticles 

were constantly oxidized by plasma, formed PdO and PdO2. Based on the constitution vs. time 

plots, it was observed that Pd nanoparticles can be efficiently oxidized in 5 min. In the product of 

oxidation, PdO was the major component, suggests that PdO is more stable in the oxidation 

product. Overall, it was observed that ~85.22% palladium oxide was formed as the plasma 

oxidation process was continued till 45 min. Comparing to the oxidation behavior of gold 

nanoparticles, palladium nanoparticles we used are much easier to be oxidized.  
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Table 3.9 The ratio of PdOx calculated as peak area of PdOx over the sum of Pd and PdOx peaks 

area as shown as figure 3.33. 

Plasma time (min) 

Pd peaks 

area 

PdO peaks 

area 

PdO2 peaks 

area 

Oxidized Ratio (%) 

(PdOx/ (Pd+ PdOx) ×100%) 

0 14921.18 7209.07 854.14 35.08 

5 8092.54 19174.82 2742.53 73.03 

15 15898.07 49369.34 4160.40 77.10 

30 12049.58 49778.17 5559.61 82.12 

45 10199.6 51773.81 7035.27 85.22 
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Figure 3.34 Oxidation behavior of shape controlled PdNPs as a function of plasma duration, 

percentages of (a) PdO, (b) Pd, and (c) PdO2 corresponding to the calculation in table 3.9. 
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3.4.3 Plasma oxidation duration study of platinum nanoparticles 

As synthesized platinum nanoparticles (table 2.6, sample 13) were selected for plasma 

oxidation duration study. XPS was utilized to determine formation of platinum oxide. Figure 

3.35 shows an overlapped XPS survey scans with binding energy ranging from 1000 to 0 eV and 

shows chemical composition of platinum nanoparticles at various stages of plasma oxidation as a 

function of oxidation duration. Elements Pt, C, N, and Si presented in spectra were from 

platinum nanoparticles, PVP, and silicon substrate, respectively. The reduce of C peak and 

disappearance of N peak after oxidation suggests that excess surfactant PVP was removed by 

plasma and left some carbon residue.  Also, the increase of Si peaks intensity as compared to Pt 

nanoparticles before plasma (Figure 3.35 a) indicates the removal of excess surfactant (PVP). 

In regard to O peaks, apart from platinum oxide, the absorbed organic molecules and 

surface SiO2 from substrate can also constitute to peak intensity. Thus the formation of platinum 

oxide could only be detected by detailed analysis of Pt XPS peaks. Figure 3.36 present detailed 

deconvolution of Pt 4f peaks. 
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Figure 3.35 XPS spectra corresponding to PtNPs (a) before plasma oxidation and after (b) 5 min, 

(c) 15 min, (d) 30 min, (e) 45 min of plasma oxidation duration. Note: Shape controlled PtNPs 

(table 2.6, sample 13) were dispersed on Si wafer by drop casting method. 
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Figure 3.36 Deconvoluted XPS spectra (from figure 3.35), subtracted by Shirley background, 

and fitted with Pt 4f peaks corresponding to PtNPs (a) before plasma oxidation and after (b) 5 

min, (c) 15 min, (d) 30 min, (e) 45 min of plasma oxidation duration. Note: Shape controlled 

PtNPs (table 2.6, sample 13) were dispersed on unmodified Si wafer by drop casting method. 
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Table 3.10 Binding energy (eV) derived from XPS study for shape controlled PtNPs with 

different plasma oxidation duration corresponding to the spectra as shown in figure 3.36. 

Plasma 

duration 

(min) 

Bind Energy (eV) 

Pt 4f5/2 Pt 4f7/2 

PtO2  PtO Pt
0
 PtO2  PtO Pt

0
 

0 77.28 75.26 74.13 73.67 72.07 70.83 

5 77.26 75.22 74.12 73.58 71.91 70.91 

15 77.28 75.15 74.18 73.67 71.95 70.99 

30 77.16 75.10 74.15 73.63 72.07 70.93 

45 77.12 75.15 74.14 73.62 72.05 70.90 
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It was observed that as-prepared platinum nanoparticles were constituted major by 

element Pt (peaks consistent with Pt 4f7/2 and 4f5/2 were observed at ~70.83 eV and 74.13 eV, 

respectively), a slight amount of PtO (peaks consistent with 4f7/2 and 4f5/2 were observed at 72.07 

eV and 75.26 eV, respectively), and PtO2 (peaks consistent with 4f7/2 and 4f5/2 were observed at 

73.67 eV and 77.28 eV, respectively). The formation of platinum oxide before plasma was due to 

the elevate temperature (200 
o
C) for platinum nanoparticle synthesis. As the plasma oxidation 

process was performed for different durations (5 – 45 min), the peaks corresponding to platinum 

oxide increased constantly, indicates the formation of platinum oxide. Oxidation behavior of 

platinum nanoparticle was further estimated as shown in figure 3.37.  Platinum nanoparticles 

were constantly oxidized by plasma, formed PtO and PtO2. Based on the constitution vs. time 

plots, it was observed platinum nanoparticles can be efficiently oxidized in 5 min. In the product 

of oxidation, the percentage of PtO decreased after 5 min oxidation, while the percentage of PtO2 

kept increasing. This suggested that PtO2 is more stable in the oxidation product, and the as-

formed PtO may partially convert to PtO2 in longer plasma duration. Overall, it was observed 

that ~66.74% platinum oxide was formed as the plasma oxidation process was continued till 45 

min. Comparing to the oxidation behavior of gold nanoparticles in our study, the platinum 

nanoparticles we used are much easier to be oxidized. 
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Table 3.11 The ratio of PtOx calculated as peak area of PtOx over the sum of Pt and PtOx peaks 

area as shown as figure 3.36. 

Plasma time (min) 

Pt peaks 

area 

PtO peaks 

area 

PtO2 peaks 

area 

Oxidized Ratio (%) 

(PtOx/ (Pt+ PtOx) ×100%) 

0 26243.57 2063.83 2618.2 15.14 

5 23092.98 10633.11 13729.16 51.34 

15 24189.9 11274.75 22197.85 58.05 

30 22103.3 9995.2 24989.3 61.28 

45 17627.07 8681.198 26685.97 66.74 

 

  



 

125 

 

 

 

Figure 3.37 Oxidation behavior of shape controlled PtNPs (table 2.6, sample 13) as a function of 

plasma duration, percentages of (a) Pt, (b) PtO2, and (c) PtO corresponding to the calculation in 

table 3.11. 
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The thickness of oxide shell of noble metal nanoparticles was also analyzed.  For the XPS 

analysis, the analyzing depth (H) is at 1~10 nm. The average diameter of as-prepared noble metal 

nanoparticles can be calculated from TEM images, and the ratio of metallic metal and oxidized 

metal at room temperature could be calculated from XPS. Thus, it is possible to calculate the 

thickness of oxide shell at different plasma oxidation point. Since the volume for a spherical cap 

(𝑉𝑐𝑎𝑝 ) could be calculated using (schematic is shown in figure 3.38 a): 

𝑉𝑐𝑎𝑝 =
𝜋

3
𝐻2(3𝑅 − 𝐻) 

Set H is 8 nm. If the percentage of metallic gold calculated from XPS is Au%, then, 

𝜋

3
 𝐻−𝑎 2(3𝑟1−𝐻+𝑎)

𝜋

3
𝐻2(3𝑅−𝐻)

= 𝐴𝑢%                                                   (1) 

   
(

4𝜋

3
𝑅3−

4𝜋

3
𝑟1

3)𝜌𝐴𝑢

𝑀𝐴𝑢
= 𝑛(𝐴𝑢  𝑏𝑒𝑒𝑛  𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 )                                          (2) 

𝑉𝐴𝑢2𝑂3
= 0.5𝑛(𝐴𝑢  𝑏𝑒𝑒𝑛  𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 )𝑀𝐴𝑢2𝑂3

/𝜌𝐴𝑢2𝑂3
                                (3) 

4𝜋

3
(𝑟1 + 𝑎)3 =

4𝜋

3
(𝑟1)3 + 𝑉𝐴𝑢2𝑂3

                                             (4) 

Where R is the radius of nanoparticles before oxidation, 𝑎 is the thickness of oxide shell, 

r1 is the radius of remained metallic nanoparticles. ρAu , ρAu 2O3
 are the density of gold and gold 

oxide,  MAu , MAu 2O3
 are the molecular weight of gold and gold oxide. VAu 2O3

 is the volume of 

gold oxide. The average size of gold nanoparticles before oxidation is 23.28 nm. 

The system of equations can also been used to estimate the thickness of oxide shell for 

palladium and platinum. The average size of palladium and platinum nanoparticles used for 

plasma oxidation is 17.36 nm and 7.65 nm. So for platinum nanoparticles, H=7.65 nm. By 

submitting the percentage of metallic state metal calculated from XPS results, the oxide shell 

thickness on nanoparticles vs. different oxidation time can be estimated, which are shown in 

figure 3.38 (b-d). 



 

127 

 

 

Figure 3.38 (a) Schematic for the gold nanoparticles been oxidized, and thickness of oxide shell 

vs. plasma oxidation time for (b) AuNPs, (c) PdNPs, and (d) PtNPs. 
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3.5 Fabrication of graphene encapsulated noble metal nanoparticles 

The growth and plasma oxidation study of noble metal nanoparticles is of critical 

importance for the step of graphene growth in a CVD process. 
102

 Towards this end, gold 

nanoparticles (table 2.1, sample 10), palladium nanoparticles (table 2.5, sample 13), and 

platinum nanoparticles (table 2.6, sample 13) were grown under conditions that resulted in 

different shapes and sizes. They were drop-casted on a silicon substrate and plasma oxidized for 

30 min. The duration was selected based on XPS results and facilitates complete elimination of 

metal salt as well as excessive surfactant.  

Based on the observation of Chopra et al.
102

, most important to the graphene shell growth 

on gold nanoparticles is the presence of oxidized gold nanoparticles, which is also achieved by 

the plasma oxidation step. It has been hypothesized that presence of gold oxide is critical for the 

graphene growth because the former is highly unstable at high temperatures. Thus, graphene 

growth that occurs at 675 
o
C will lead to reduction of gold oxide into gold and meanwhile accept 

electrons from the incoming carbon feed, finally will result in the formation of graphene shell 

encapsulate gold nanoparticles. Same mechanism is expected for palladium and platinum 

nanoparticles, thus all nanoparticles were plasma oxidized before graphene growth. 
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Figure 3.39 (a, b) SEM images and (c - i) TEM images of graphene encapsulated AuNPs on Si 

wafer. Note: AuNPs (table 2.1, sample 10) were dispersed on unmodified Si wafer by drop-

casting method and utilized to grow graphene shells. 
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Figure 3.40 TEM images of graphene encapsulated PdNPs on Si wafer. Note: PdNPs (table 2.5, 

sample 13) were dispersed on unmodified Si wafer by drop-casting method and utilized to grow 

graphene shells. 
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Figure 3.41 TEM images of graphene encapsulated PtNPs on Si wafer. Note: PtNPs (table 2.6, 

sample 13) were dispersed on unmodified Si wafer by drop-casting method and utilized to grow 

graphene shells. 
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Based on SEM and TEM images for graphene encapsulated gold nanoparticles (figure 

3.39), significant aggregation and surface migration of gold nanoparticles were observed. Thus 

they could not maintain distinguished facets, with size increased to 124.21 ± 71.82 nm. It should 

be noted that gold nanoparticles were dispersed on silicon wafer by drop-casting, the high 

density of particles and the close distance could further lead to their aggregation. The observed 

graphene shells have a thickness around 1 to 2 nm, with lattice spacing of ~0.35 nm, well fitted 

to c-axis distance of graphene.
122

 Some amorphous carbon also formed during CVD process, 

which was further confirmed by Raman spectroscopy that clearly showed D and G bands 

corresponding to disordered and graphitic carbon content, respectively.  

Based on observation, we propose that graphene growth follows several steps: during 

CVD growth, Xylene first been reduced by hydrogen and deposited on gold surface, followed by 

the ordering and crystallization of C. Three processes took place simultaneously: (1) graphene 

fragments formed and spread; (2) gold nanoparticles changed shape at high temperature; (3) 

coalescence of particles initially closed with each other. After CVD process, more big gold 

clusters formed, and the average size of gold particles even increased to 124.2 ± 71.8 nm. The 

graphene segments originally formed from “corners” kept wrapping the gold cluster and 

eventually formed graphene shell on the surface of particles. 

XPS was applied to determine the chemical state of gold and carbon after graphene 

growth. In figure 3.42 (A-c), Fe 2p peaks were found and suggested Fe contamination. The iron 

contamination may attribute to that carbon source (xylene) was feed using a steel pipe. To 

minimize Fe contamination the tip of pipe was changed to glass. Au deconvolution peaks were 

demonstrated in figure 3.42 (B, a-c). As mentioned above, HAuCl4, Au, AuOx peaks were 

assigned. It was observed that AuOx peaks disappeared after graphene growth. Although AuOx is 
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instable at high temperature and especially should be reduced at H2 environment, considering the 

fact that graphene shell only formed for oxidized gold nanoparticles, it is reasonable to believe 

that AuOx plays the most important role for the formation of graphene shell. C peak was also 

deconvoluted in figure 3.42 (B, d) for graphene growth sample, from which π-π* peak (289.08 

eV) was observed and indicated the formation of graphene.
123
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Figure 3.42 A) XPS spectra corresponding to AuNPs (a) before plasma oxidation, (b) after 30 

min of plasma oxidation, and (c) after 1 h of graphene growth. B) Deconvoluted XPS spectra 

subtracted by linear background and fitted with Au 4f peaks corresponding to AuNPs (a) before 

plasma oxidation, (b) after 30 min of plasma oxidation, and (c) after 1 h of graphene growth.  (d) 

Deconvoluted XPS of C 1s after graphene growth. Note: AuNPs (table 2.1, sample 10) were 

dispersed on unmodified Si wafer by drop casting method. 
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Table 3.12 Binding energy (eV) chart derived from XPS study for AuNPs (table 2.1, sample 10 

before, after plasma oxidation, and after graphene growth) corresponding to the spectra as shown 

in figure 3.42. 

Conditions 

Bind Energy (eV) 

Au 4f5/2 Au 4f7/2 

[Au
3+

]  AuOx Au
0
 [Au

3+
]  AuOx Au

0
 

Before 

Plasma 

89.81 / 87.70 86.01 / 83.86 

After 

Plasma 

/ 89.19 87.73 / 85.38 84.05 

With 

Graphene 

/ / 88.19 / / 84.52 
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3.6 Raman mapping for nanoparticles after graphene growth 

Raman mapping was used to study the uniformity of the graphene growth on silicon 

wafer. The graphene encapsulated gold nanoparticles (table 2.1, sample 10), palladium 

nanoparticles (table 2.5, sample 13), and platinum nanoparticles (table 2.6, sample 13) samples 

were scanned for a 15 µm × 15 µm area with 100 points. The generated Raman spectra were then 

mapped with G band by integrating peak area from 1500 cm
-1

 to 1700 cm
-1

.  In the map, different 

colors and height show normalized intensities (single G-band peak intensity divided by highest 

intensity). Raman mapping plot were shown in figure 3.43 to figure 3.45, with inserted a typical 

Raman spectroscopy for each sample. It was observed that graphene encapsulated gold, 

palladium, and platinum have clear D-, G-band. The distribution of graphene structure on the 

surface of substrate can be estimated from Raman 3-D mapping. The “hot spots” are 

corresponding to high intensity of G-band peak, which can be attributed from the clusters of 

noble metal nanoparticles with graphene structure. The aggregation of noble metal nanoparticles 

is due to the drop-casting method and migration of nanoparticles during plasma oxidation and 

graphene growth. 
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Figure 3.43 Raman 3D mapping for AuNPs after graphene growth. (a) Raman spectroscopy of 

graphene encapsulated AuNPs, (b) 3D map for graphene structure on sample surface, (c) sample 

surface has been scanned, and (d) vertical view of the 3D map. Note: AuNPs (table 2.1, sample 

10) were dispersed on piranha cleaned Si wafer by drop casting method. 
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Figure 3.44 Raman 3D mapping for PdNPs after graphene growth. (a) Raman spectroscopy of 

graphene encapsulated PdNPs, (b) 3D map for graphene structure on sample surface, (c) sample 

surface has been scanned, and (d) vertical view of the 3D map. Note: PdNPs (table 2.5, sample 

13) were dispersed on piranha cleaned Si wafer by drop casting method. 
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Figure 3.45 Raman 3D mapping for PtNPs after graphene growth. (a) Raman spectroscopy of 

graphene encapsulated PtNPs, (b) 3D map for graphene structure on sample surface, (c) sample 

surface has been scanned, and (d) vertical view of the 3D map. Note: PtNPs (table 2.6, sample 

13) were dispersed on piranha cleaned Si wafer by drop casting method. 
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3.7 Dispersion of noble metal nanoparticles 

The purpose of dispersion nanoparticles on substrate by MPTMS functionalization is to 

get a uniform dispersed nanoparticles layer. A rough transition metal surface can enhance 

chemicals’ Raman signal through excitation of localized surface plasmon. So, a suitable density 

mono-dispersed nanoparticles layer can provide the rough surface and enhance Raman 

scattering. 

We functionalized silicon wafer with different concentration (12.4 mM and 2 mM, 

respectively) of MPTMS, compared the dispersion of commercial gold nanoparticles on those 

two functionalized silicon wafer. It was observed that silicon wafers functionalized with lower 

concentration (2 mM) of MPTMS obtained higher dispersion density for commercial gold 

nanoparticles, as shown in figure 3.46 (a - d). It was demonstrated that only when MPTMS form 

well-ordered monolayer with thiol headgroups uniformly distributed on the uppermost surface 

can efficiently pattern metal particles; while the MPTMS layer will become rough and less 

ordered when increasing the concentration of MPTMS.
125

  

By decreasing the concentration of MPTMS and annealing functionalized silicon wafer at 

80 
o
C, efficiency of pattern metal nanoparticles was increased. Then we used this approach 

further dispersed gold, palladium, and platinum nanoparticles on functionalized silicon wafer. 

Their SEM images were shown in figure 3.46 (e - h), which indicate that those noble metal 

nanoparticles can be patterned on MPTMS functionalized silicon wafer through our approach. 
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Figure 3.46 SEM images of (a, b) Commercial AuNPs dispersed on MPTMS (12.4 mM) 

functionalized silicon wafer, (c, d) Commercial AuNPs dispersed on MPTMS (2 mM) 

functionalized silicon wafer, (e, f) synthesized AuNPs (table 2.1, sample 7) dispersed on 

MPTMS (2 mM) functionalized silicon wafer, (g) synthesized PdNPs (table 2.5, sample 8) 

dispersed on MPTMS, (h) synthesized PtNPs (table 2.6, sample 8) dispersed on MPTMS. 

(a) (b) (c) 

(d) (e) (f) 
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3.8 Raman spectroscopy of methylene blue on noble metal nanoparticles 

As prepared gold nanoparticles, palladium nanoparticles, and platinum nanoparticles 

were dispersed on silicon wafer, SEM images were shown in 3.36 (e - f). The silicon wafers 

decorated with different kinds of nanoparticles were used as substrates for same amount of drop-

casted methylene-blue (MB). MB was also drop-casted on bare silicon wafer as a control sample. 

Raman spectra for dried MB on different substrates were shown in figure 3.47. Peaks were 

assigned in table 3.13. 

Surface Raman enhancement can be clearly observed on gold, and platinum.  But it was 

not noticeable on palladium. For example, for band 1620 cm
-1

, which can be assigned as ν(C–C) 

ring, the intensity on bare silicon wafer ( 𝐼𝑟𝑒𝑓 ) is 304.4. While 𝐼𝐴𝑢 = 1155.5, 𝐼𝑃𝑑 = 494.5, and 

𝐼𝑃𝑡 = 2626.8. So 𝐼𝑒ℎ𝑐/𝐼𝑟𝑒𝑓  for AuNPs, PdNPs, and PtNPs are 3.8, 1.6, and 8.6, respectively.  
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Figure 3.47 Raman spectroscopy for (a) Methylene-Blue (MB) dried on piranha cleaned silicon 

wafer by drop-casting, MB dried on silicon wafer decorated with (b) AuNPs, (c) PdNPs, (d) 

PtNPs. 
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Table 3.13 Assignment for Raman peaks of methylene blue 

 

Raman shift/ cm
-1

 446 672 767 1183 1382 1541 1620 

Peak assignment δ(C-N-C) γ(C–H) β(C–H) ν(C–N) α(C–H) νasym(C–C) ν(C–C) ring 

 

Where δ is skeletal deformation, γ is out-of-plane bending, β is in-plane-bending, ν is stretching, 

α is in-plane ring deformation. 

  



 

145 

 

 

CHAPTER 4 

4. CONCLUSIONS AND FUTURE WORK 

Gold, palladium, and platinum nanoparticles were synthesized in aqueous solution. The 

influence of synthesis conditions on the size, shape, and crystallinity of nanoparticles was 

studied by varying parameters such as temperature, metal salt concentration, surfactant type and 

concentration, seed amount, reducing agent type, duration, and shape-control additives. Several 

conclusions can be made based on the fundamental studies described in this thesis: 

(1) In gold nanoparticles single-step synthesis, the reaction Gibbs free energy (∆𝑟𝐺) kept 

large negative quantity in varies conditions, favored the formation of gold nanoparticles. 

Nanoparticle nuclei homogenously, supersaturation 𝜍  dominates particles size. Increasing 

temperature  𝑇 , supersaturation decrease, resulted in a decrease of absolute value of volume 

Gibbs free energy|∆𝐺𝑣|. Since critical size 𝑟∗ for nucleus is reverse proportional to |∆𝐺𝑣|, the 

minimum particle size increases. It should be noticed that when temperature increased higher 

than boiling point of water, the annealing for stabilizer will cause it rupture around the particles. 

Since CTAB bind more strongly on {100} facets of Au, the rupture of stabilizer may stimulate 

anisotropic growth of nanoparticles, generate different shapes of gold nanoparticles. A 

quenching step after synthesis gold at high temperature would induce defects to gold 

nanoparticles. 

 (2) Increasing surfactant concentration, size of particles will be reduced because of a 

generation of packed capping layer around particles. High concentration of metal salt boosts both 

nucleation and growth of nanoparticles. Also, it was observed that smaller amount of seed not 
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only can be nucleus for particle growth, but also can stimulate nucleation and result in a broad 

particle size distribution. 

(3) Ostwald ripening was observed in synthesis palladium nanoparticles. The shape of Pd 

nanoparticles can be well controlled by adding KBr and KCl to increase anisotropic growth, 

resulting Pd nanocubes enclosed with {100} facets. The parameter study of synthesizing 

platinum nanoparticles mainly produced small Pt particles with narrow size distribution this can 

be attributed to fast nucleation process. To generate larger size of platinum nanoparticles, either 

violent synthesis conditions (reduced by strong reducing agent like NaBH4) or shape-control 

additives (e.g. AgNO3) can be induced. 

The second part studied the oxidation behavior of noble metal nanoparticles. Plasma 

oxidation is an efficient approach for noble metal cleaning and oxidation, and the chemical state 

can be indicated by XPS. For gold nanoparticles, oxygen plasma first removes the excessive 

surfactant, reduces the unreacted metal salt (HAuCl4) to metallic gold, and then oxidizes Au
0 

to 

AuOx (x≤1.5). The percentage of AuOx reaches maximum when oxidation duration is 45 min, 

further oxidation may cause decomposition of gold oxide because of its instability at high 

temperature. The SEM images for gold nanoparticles after oxidized for different duration suggest 

that there was surface migration on gold nanoparticles, evidenced by the disappearance of sharp 

edges of as-prepared gold nanoparticles.  Both palladium and platinum nanoparticles can be 

efficiently oxidized by plasma, generate PdO, PdO2, PtO, and PtO2, respectively. Plasma 

duration study for Pt shows that the oxidation product PtO2 is more stable in oxygen plasma than 

PtO, supported by the fact that percentage of PtO2 kept increasing during the whole oxidation 

process (5 ~ 45 min), whereas the percentage of Pt kept decreasing, and the amount of PtO 
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reached maximum within 5 min oxidation then slightly decrease, indicates partial transfer from 

PtO to PtO2. The thickness of oxide shells were estimated from XPS data. 

SEM and TEM images show graphene shell on the surface of gold nanoparticles. The 

thickness of carbon shell is about 1 ~ 2 nm, with lattice spacing ~0.35nm, indicated the 

formation of graphene structure. Surface migration of gold nanoparticles during CVD process 

was evidenced by the increase of particle size (from 60 ~ 70 nm after plasma oxidation 30min, to 

~ 120nm). Three processes happened simultaneously during CVD growth graphene: graphene 

fragments formation and spread, shape change of gold nanoparticles at high temperature, and 

gold nanoparticles aggregation. Graphene encapsulated palladium and platinum nanoparticles 

were also synthesized through process similar with CVD growth of graphene encapsulated gold 

nanoparticles. From Raman spectroscopy, D-band and G-band are distinguished for gold, 

palladium, and platinum nanoparticles after graphene growth. Raman mapping shows the 

distribution of graphene encapsulated noble metal nanoparticles. SERS study indicates both 

AuNPs and PtNPs can enhance Raman signal for methylene-blue by 3.8 and 8.6 times, 

respectively. 

Future work could be on functionalization of multifunctional nanomaterials. To minimize 

aggregation during plasma oxidation and graphene growth, the gold nanoparticles can be 

dispersed on MPTMS functionalized silicon wafer, and then grow graphene. These graphene 

encapsulated noble metal nanoparticles have importance in the area of SERS-based sensing. 

Thus, future work will be focus on fundamentally understanding the SERS mechanism based on 

these hybrid nanoparticles, tuning their function based on structure and morphology of 

nanoparticles, and developing large area chemical detection platform.  
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